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The non-receptor spleen tyrosine kinase (Syk) is an important player in signal 
transduction from immunoreceptors to various downstream targets. It is widely 
expressed in both haematopoietic and epithelial cells. Syk disorder is closely related with 
many inflammatory and autoimmune diseases, as well as cancers.  
Syk associates with immunoreceptors through its tandem SH2 domains (tSH2), 
which contain two SH2 domains connected by interdomain A. The association of Syk 
with immunoreceptors is regulated by Y130 phosphorylation in interdomain A. The 
unphosphorylated tSH2 can bind with the doubly phosphorylated immunoreceptor 
tyrosine-based activation motif (dp-ITAM) of the cytoplasmic domains of 
immunoreceptors with very high affinities (nanomolars for Kd). However, when Y130 is 
phosphorylated, the binding affinities drop drastically (micromolars for Kd). Interestingly, 
Y130 locates far (>20 Å) from the binding sites and the detailed mechanism of this long-
distance allosteric regulation is largely unknown.  
A series of biophysical experiments, such as NMR and ITC, have been done to 
understand this allosteric mechanism. The results revealed interesting changes in the 
domain-domain coupling and multistate equilibrium thermodynamics of tSH2-ITAM 
interaction. These data suggested an entropic-allostery mechanism of Syk release from 
immunoreceptors. The new knowledge obtained from this work will help to explain the 
regulatory mechanism of Syk activity, assist the design for new drugs to treat Syk-related 





CHAPTER 1. INTRODUCTION 
1.1 The Role of Syk in Signaling Pathways 
The non-receptor spleen tyrosine kinase, Syk, is an important player in 
hematopoietic cell signaling pathways (1, 2). It is a critical regulator protein mediating 
signal transduction from immunoreceptors (e.g. BCR, TCR) to various downstream 
targets (1). It is closely related with many vital cellular events including cell proliferation, 
differentiation, polarization, cell-cell adhesion and phagocytosis (3). Dysfunction of Syk is 
implicated in numerous inflammatory and autoimmune disorders (e.g. allergy, asthma, 
allergic rhinitis, atopic dermatitis, immune thrombocytopenia purpura, autoimmune 
hemolytic anemia, rheumatoid arthritis, multiple sclerosis and systemic lupus 
erythematosous) (4). Abnormal expression of Syk was reported in different types of 
human B-cell malignancies (4–6). 
Syk is widely expressed in not only hematopoietic cells (e.g. B cells, mast cells, 
neutrophiles and macrophages) but also epithelial cells. Recent studies have revealed 
unusual roles of Syk in non-immune cells, such as regulating nucleolin to stabilize Bcl-xL 
mRNA and promote cell survival (7) and mediating microtubule stability through MAP1B 
(8).  
Abnormal expression of Syk was reported in different types of cancers such as 
breast cancers, gastric cancers, and melanomas (4–6). Previous studies showed that Syk 
is a tumor promoter in some tumor types but a tumor suppressor in others(9). It is 
suggested that Syk may play a critical role in tumor formation and progression (10). Thus 






1.2 The Structure and Sequence of Syk Tandem SH2 Domains (tSH2) 
1.2.1 The Structure of Syk and Syk tSH2 
 Syk is comprised of a (N)SH2 domain, a (C)SH2 domain and a catalytic domain 
(11) connected by two linker regions: the two SH2 domains are connected by 
interdomain A (IA) while the (C)SH2 domain and the catalytic domain are connected by 
interdomain B (IB). The two SH2 domains plus IA are termed as tandem SH2 domains 
(tSH2) (12), which have a high sequence identity between human and murine Syk: 92% 




Figure 1.1 The structure of Syk tyrosine kinase. 
(A) The domain structure of Syk: (N)SH2 domain (8-118), (C)SH2 domain (163-264), and catalytic domain 
(364-620) are connected by interdomain A (IA, 119-162) and interdomain B (IB, 265-363). The tandem SH2 
domains (tSH2) (dotted box) contain (N)SH2, IA, and (C)SH2 (Residues are numbered according to murine 
Syk). (B) The ribbon representation of Syk tSH2 bound with a doubly phosphorylated ITAM (dp-ITAM) 
peptide (balls and sticks in orange) (PDB ID 1A81 chain A-B). The six molecules in the asymmetric unit of 
the crystal structure bind dp-ITAM peptide with the same spacing of pY and differ in relative orientation 
of the two SH2 domains by <18°. Green: (N)SH2. Cyan: interdomain A. Blue: (C)SH2. Y130 in IA is shown 
with red sticks. The dp-ITAM peptide (ITP) is derived from the CD3-ε chain of T cell receptor. The 
phosphoryl groups of the two phosphotyrosines (pYs) on ITP are shown as purple spheres. Binding is 






1.2.2 The Variations of Syk tSH2 Sequence in Different Species 
The variations of each residue site on Syk tSH2 were investigated by assessing 
residue conservation using multiple sequence alignment. The residue sequence of 
murine Syk tandem SH2 domains (tSH2: Ser 8 to Gln 264) was used as the query 
sequence to search the non-redundant protein sequence database with the NCBI 
Protein Blast tools. The search results were ranked for similarity by Maximal Identity. The 
first 77 hits were Syk tSH2 variants from different species (Maximal Identity > 60%; see 
Appendix A for ID and sequences). The 77 sequences were aligned with UniProt Clustal 
Omega (13). The aligned sequences were further analyzed with R (14) and R package 
SeqinR (15). The results were visualized with R package ggplot2 (16) and the structure 
view was generated with PyMOL (17). 
 Each residue position in Syk tSH2 (murine residue number 8-264) was assessed 
by #Types (the number of variation types, including the 20 common amino acids, gap, or 
unknown) and Max Occurrence (the percentage of probability of the most occurring 
type of amino acid). As shown in Figure 1.2A, the #Types varies from 1 to 11 while Max 
Occurrence ranges from ~40% to 100%. The residue positions with #Types ≤ 3 and Max 
Occurrence ≥ 90% (the boxed region in Figure 1.2A) are considered as conserved 
positions and mapped on the crystal structure (Figure 1.2B). 
 The types of variations for each residue site are summarized in Appendix A. 







Figure 1.2 Residue conservation assessment for Syk tandem SH2 domains. 
(A) Distributions of #Types and Max Occurrence for residue positions in Syk tSH2 (murine residue number 
8-264). Bin size is 2% for the Max Occurrence dimension. (B) The residue positions with #Types ≤ 3 and 
Max Occurrence ≥ 90% (the boxed region in Fig. S2A) were considered as conserved positions and are 
mapped on the crystal structure (PDB ID 1A81 Chain A) in purple. 
 
 
1.3 The Interactions between Syk tSH2 and ITAM Regions on Immunoreceptors 
1.3.1 ITAM Regions and tSH2-ITAM Interaction 
The immune signal transduction process of Syk relies on tSH2 interaction with 
the cytosolic regions of immunoreceptors, known as immunoreceptor tyrosine-based 





18, 19). When immunoreceptors are activated by extracellular signal, the two YXX(I/L) 
cassettes become phosphorylated as pYXX(I/L)  (1).  
Both cassettes need to be phosphorylated for optimal signaling (1). In B cells, the 
Src-family kinase Lyn phosphorylates the N-terminal YXX(L/I) cassette but not the C-
terminal one, which is very likely phosphorylated by Syk itself (1). 
tSH2 can recognize and bind with the doubly phosphorylated ITAM (dp-ITAM) 
regions with high affinity (20–25) (Kd in nM ranges; Table 1.2) in a bifunctional and head-
to-tail fashion (12): (C)SH2 binds the N-terminal YXX(I/L) cassette while (N)SH2 binds the 
C-terminal YXX(I/L) cassette. The structural basis for this high-affinity interaction is 
explained by the X-ray structure: the SH2 domains are oriented such that the two pY 
pockets are optimally positioned to fit the spacing between the two pYXX(L/I) cassettes 
of dp-ITAM (Figure 1.1). 
 
1.3.2 Role of Y130 Phosphorylation in tSH2-ITAM Interaction 
After recruiting to the membrane, Syk becomes activated and tSH2 is 
phosphorylated on Y130 (Figure 1.1). After Y130 phosphorylation in IA, Syk dissociates 
from receptors and engages in downstream signal transduction, a phenomena that can 
be mimicked by replacing Y130 with a glutamate (26–28). It’s revealed that Y130 
phosphorylation reduces the binding affinity between Syk tSH2 and dp-ITAM by 2-3 
orders of magnitude (based on apparent Kd values; Table 1.2) to the value similar to a 
single SH2 domain binding to phosphotyrosine peptides (Table 1.2) (22, 23, 29). Because 
Y130 is distal to the binding pockets of SH2 domains (> 20 angstrom; Figure 1.1), this 
regulation is essentially an allosteric control different from other phosphorylation 
regulatory mechanisms. Other mechanisms control protein-protein interactions directly: 
phosphorylation at a binding site either promotes the binding by being a recognition 






1.3.3 Reported Binding Affinities for Various tSH2-ITAM Interactions 
There are various ITAM peptides derived from different immunoreceptors. To 
study the tSH2-ITAM interactions, it is important to compare and select a proper ITAM 
peptide.  
Table 1.1 shows the sequences of four commonly used dp-ITAM peptides derived 
from different immunoreceptors. It is easy to see the consensus sequence which 
contains two pYXX(I/L) cassettes.  
Table 1.2 shows Kd values for various Syk tSH2 constructs binding with the four 
different dp-ITAM peptides from literature. Again, these data suggest that: 1) tSH2 binds 
dp-ITAM peptides with high affinity (1 to 40 nM for Kd); 2) Y130 phosphorylation 
decreases the binding affinity between tSH2 and dp-ITAM by 2-3 orders of magnitude to 
the value similar to a single SH2 domain binding phosphotyrosine peptides. It is also 
clear that the dp-ITAM peptide derived from CD3-ε (the ε-chain of CD3 of T cell receptor) 
has a moderate binding affinity (Kd ~30 nM) with tSH2 which may be suitable for direct 
binding studies. 
 
Table 1.1 Sequences of four dp-ITAM peptides derived from different immunoreceptors. 
Source Sequence 
CD3-ε  P D Y* E P I R K G - - - - - Q R D L Y* S G L N Q R 
FcεRI-γ  G V Y* T G L S T R - - - - - N Q E T Y* E T L K H E 
FcγRIIA  G G Y* M T L N P R A P T D D D K N I Y* L T L P P N 
CD79-A E N L Y* E G L N L D - - - - - D C S M Y* E D I S R  
Notes: 
CD3-ε: the ε-chain of CD3 of T cell receptor. 
FcεRI-γ: the γ-chain of Fc-epsilon receptor class I, which is an Fc receptor to IgE. 
FcγRIIA: the single chain Fc-gamma receptor class IIA, which is an Fc receptor to IgG. 
CD79-A: the chain A of CD79 of B cell receptor, a.k.a. Igα. 
Peptides are acetylated at the N-terminus and amidated at the C-terminus. Negatively charged residues 







Table 1.2 Kd values determined for various Syk tSH2 constructs binding with the four different dp-ITAM 
peptides.  Bibliographic citation is given in the parenthesis. 
ITAM source 
Kd values for various Syk tSH2 constructs 
WT Y130E R42A R195A 
CD3-ε 
35.0 ± 5.0 nM (20) 
22.6 ± 2.4 nM (21) 
20.2 ± 3.5 nM (22) 
NA NA NA 
FcεRI-γ 
1.7 ± 0.8 nM (22) 
1.4 nM (23) 
2.6 ± 0.2 nM (24) 
5.6 nM (25) 
NA 1.3 µM (23) > 2.3 µM (23) 
FcγRIIA 1.6 ± 0.8 nM (22) NA NA NA 
CD79-A NA 1.82 ± 0.31 µM (29) NA NA 
Notes: 
WT:  the unphosphorylated Syk tSH2. 
Y130E: Syk tSH2 with a single mutation replacing Y130 with glutamate to mimic the phosphorylated tSH2. 
R42A: Syk tSH2 with a single mutation replacing R42 with alanine to disable the binding ability of (N)SH2 
domain. 
R195A: Syk tSH2 with a single mutation replacing R195 with alanine to disable the binding ability of (C)SH2 
domain. 
NA: Data not available. 
 
 
1.4 The Research Questions and Significance 
1.4.1 Previous Research for Syk tSH2 from Our Group 
Previous work from our group showed that the negative charge introduced into 
interdomain A by Y130 phosphorylation alters domain-domain structure(29):  
1) Analytical ultracentrifugation tests suggested the hydrodynamic shape of tSH2 





2) 15N relaxation experiments showed the two SH2 domains do not tumble in 
solution as a single rigid unit; the domain-domain interactions are therefore weakened 
upon phosphorylation, which allows the two domains to move relatively independently, 
that is to be decoupled from one another;  
3) Residual dipolar coupling measurements revealed the changes of the domain-
domain orientation; the unphosphorylated form has a domain-domain orientation that 
matches the peptide-bound X-ray structure (but not the free tSH2 structure), however, 
the domain solution structure with negative charge at position Y130 does not 
correspond to any crystallographic structure.  
From these results, it was proposed that the allosteric inhibition of Syk-receptor 
interaction by interdomain A phosphorylation was through a conformational change in 
domain-domain structure; this change switched the bifunctional high-affinity binding 
across two SH2 domains to monofunctional lower-affinity binding which involved only 
one SH2 domain (see Figure 1.3) (29). 
 
 
Figure 1.3 Previously proposed model for Syk tSH2-ITAM interactions after Y130 phosphorylation.  







1.4.2 Questions and Objectives for Understanding the Allosteric Regulatory 
Mechanism 
The detailed regulatory mechanism of Syk remains unelucidated. An interesting 
question is how Y130 phosphorylation triggers the release of Syk from ITAMs, as Y130 
locates distal from the binding sites (>20 Å) (12). The objectives of this dissertation are 
addressed as follows to better understand the allosteric regulatory mechanism. 
Objective 1: Investigate the degree to which the Syk tSH2 domains are decoupled 
after phosphorylation. Previous studies in our lab showed that Y130 phosphorylation 
might change linker flexibility to decouple the two SH2 domains in the ligand-free state 
(29). But it is not clear how much the decoupling is. Are the two domains fully 
decoupled such that they rotate independently in solution? Or they are just partially 
decoupled and held in a certain domain-domain orientation and distance by the residual 
order of linker such that the bifunctional binding is disabled (29)? NMR relaxation 
experiments were used to compare the hydrodynamic features of different tSH2 
constructs to provide more information. 
Objective 2: Study the effects of Y130 phosphorylation on binding mode and 
binding affinity of each step of tSH2-ITAM interactions. Syk tSH2 binds to dp-ITAM 
bifunctionally. However, the changes of the binding mode and binding affinity after 
phosphorylation are not clear. Is it monofunctional binding as proposed or still 
bifunctional binding as the unphosphorylated tSH2? And how the binding affinity of 
each step changes after phosphorylation? NMR titration technique and titration-
curve/line-shape analyses were exploited to answer these questions. 
Objective 3: Explore the mechanism for the decreased binding affinity of tSH2 
after Y130 phosphorylation in terms of thermodynamics. The mechanism of the 
decreased binding affinity triggered by Y130 phosphorylation can be investigated in 
terms of thermodynamics. Is it driven by enthalpy or by entropy? Is there a structural 
change corresponding to the affinity change? NMR chemical shift analysis and ITC 






1.4.3 Long-term Significance of This Project 
In this project, the unsolved questions mentioned above will be explored and 
different models will be tested. This research will provide biophysical information to 
complement the cellular and molecular studies conducted by other researchers. The 
structural and dynamics information obtained from this study will help people to get a 
better understanding about the allosteric regulatory mechanism of Syk. The new 
knowledge in this field may help to design new and effective drugs to treat cancer or 
immune diseases related with Syk disorder. And besides, since this allosteric regulatory 
mechanism may as well work in other kinases containing tandem SH2 domains (e.g. ZAP-
70) (13), the information obtained from Syk may help to study other similar kinases. 
 
1.5 Model Systems: tSH2 Constructs and ITAM Peptides 
1.5.1 The Three Syk tSH2 Constructs with Different Linker Status 
The first question of interest is whether the two SH2 domains of Syk tSH2 are 
fully decoupled by Y130 phosphorylation to rotate independently in solution. If the 
monofunctional model is true (29), then the two SH2 domains should be held such that 
the high-affinity bifunctional binding is impossible, and thus the linker region should 
have residual level of order and not be fully flexible after Y130 phosphorylation. 
To address this question, three tSH2 constructs (tSH2, tSH2PM, and tSH2FX) were 
generated and used throughout this study as models. tSH2 is the unphosphorylated Syk 
tandem SH2 domains. tSH2PM is the phosphorylation mimic (tSH2 with a single Y130E 
mutation on IA), which were shown effective in mimicking the behavior of the Y130-
phosphorylated tSH2 in cells (26, 31, 32).  These two proteins were well characterized in 
the previous studies (29). The construct tSH2FX has the interdomain A (residues 119–
162) replaced with a 20-amino-acid (GGS)3GS(GGS)3 linker, which was shown to be highly 
flexible to fully decouple connected globular domains and enable their independent 






Figure 1.4 The three Syk tSH2 constructs with different linker status. 
 
 
1.5.2 The Three ITAM Peptides Derived from the CD3-ε Chain of T Cell Receptor 
 The dp-ITAM peptide used for this study, ITP [containing two pYXX(I/L) cassettes], 
was derived from the CD3-ε chain of T cell receptor, and has reported affinity of 20-40 
nM for tSH2 (Table 1.2) (20, 22). The two halves of ITP, N-IHP and C-IHP, each containing 
only one pYXX(I/L) cassette, were used as references for the independent binding 
behavior of individual SH2 domains. 
 
 







1.6 Project Summary 
Syk associates with immunoreceptors through its tandem SH2 domains (tSH2) 
which contain two SH2 domains connected by a linker (interdomain A, or IA). The 
association and dissociation of Syk with receptors is regulated by the phosphorylation of 
Y130 in IA. Previous studies showed that Y130 phosphorylation can increase IA flexibility, 
decouple the two SH2 domains, and change the overall hydrodynamic shape of tSH2 in 
the ligand-free state (29). However, it is not clear that how Y130 phosphorylation 
changes the interactions between tSH2 and dp-ITAMs. 
 In this study, the previously proposed model was tested by using tSH2 constructs 
with different linker status. The apparent hydrodynamic size of these constructs was 
studied by NMR relaxation experiments; the interactions between these constructs and 
ITAM peptides were monitored by NMR titration experiments; the binding affinity of 
each interaction step was extracted using titration-curve and/or line-shape analysis with 
multistate equilibrium models; and the structural changes and thermodynamic 
parameters were studied by NMR chemical shift analysis and ITC experiments. My 
results suggest that: 
Y130 phosphorylation partially but not fully decouples the two SH2 domains. 
NMR relaxation experiments were used to compare tSH2 constructs with different linker 
status. For each construct, the NOE, T1, and T2 values of individual residues were 
determined and the rotational correlation time (τc) of individual SH2 domains was 
calculated. All the values of tSH2PM were intermediate to those for tSH2 and tSH2FX, 
indicating partial instead of full decoupling of the two SH2 domains. 
The phosphorylated tSH2 binds to dp-ITAM peptide (ITP) bifunctionally but not 
monofunctionally. NMR titration experiments were performed to investigate the binding 
parameters (Kd, kon, and koff) of each step of tSH2 interacting with ITP. However, as the 
interaction between tSH2 and ITP is a multi-state equilibrium which may involve 10 
states and 14 transitions, the independent binding parameters of individual SH2 





known parameters: this was accomplished by fitting the NMR data of tSH2 constructs 
titrated with the half peptides of ITP (N-IHP or C-IHP) using a 4-state binding model. 
Then, with the known parameters, the NMR data of tSH2 constructs titrated with ITP 
were fitted using a 10-state binding model (home-developed; math solved in Maxima; 
code written in R and Matlab) and a simplified 3-state model. The fitted results suggest a 
less but still favorable equilibrium toward the bi-functional complex after Y130 
phosphorylation. 
Entropy is the major cause of the decreased affinity after Y130 phosphorylation. 
Chemical shift perturbation (CSP) profiles of tSH2 constructs binding with different 
peptides (ITP, N-IHP or C-IHP; nine complexes in total) were analyzed and the data 
suggest that the structure of individual SH2 domains is not affected by the linker status. 
Furthermore, isothermal titration calorimetry (ITC) was used to study the 
thermodynamic parameters of the three tSH2 constructs binding with ITP. The results 
showed similar enthalpy changes but significantly different entropy changes, indicating 
that entropy penalty resulted from the altered linker status is the major reason of the 






CHAPTER 2. COMPARISON OF HYDRODYNAMIC FEATURES FOR SYK TSH2 CONSTRUCTS 
BY NMR 15N RELAXATION EXPERIMENTS 
2.1 Background 
In this chapter, the hydrodynamic features of the three Syk tSH2 constructs are 
characterized and compared by NMR 15N relaxation experiments to investigate the 
extent to which the linker structure and domain-domain coupling is disrupted by Y130 
phosphorylation.  
 
2.1.1 NMR Spectrum and Protein Structure and Dynamics 
NMR techniques are widely used to characterize structures and dynamics for 
protein molecules in solution, especially with the TROSY-based techniques which 
drastically improve spectral resolution for large molecules (34–40).  
The structure of a protein in solution can be characterized by a 2D TROSY 1H-15N 
HSQC spectrum (34–36), in which each amide bond will be shown as a resonance (cross 
peak) on a 2D plane, where the 1H and 15N chemical shifts in each dimension reflect its 
unique chemical environment determined by nucleus and electrons surrounding. Thus a 
change in structure can be characterized by the corresponding change in chemical shifts 
of the relevant residues. 
The line width (peak width at the half height) and peak intensity of a resonance 
contain rich information about protein dynamics in solution. For example, the 
hydrodynamic features of a protein in solution (global and internal motions) can be 
characterized by the TROSY-based NMR relaxation experiments (T1, T2, and NOE) (37, 






2.1.2 The Advantage of NMR over Other Methods: Residual-level Resolution 
One of the advantages of NMR over other biophysical methods in studying 
proteins is that NMR can provide residual-level resolution. This can be important for 
multi-domain proteins like Syk tSH2, in which each domain may behave independently 
and intermediate states may involve. 
Another advantage of NMR is its versatility. Multiple datasets for different 
purposes (e.g. structure, dynamics, and binding) can be collected with the same 
instrument to characterize the same protein molecule.   
 
2.2 Materials and Methods 
2.2.1 Expression and Purification of Syk tSH2 Constructs 
Plasmid construction 
The tSH2 plasmid was kindly provided by Geahlen Lab at Purdue. The tSH2PM 
plasmid was previously constructed by Dr. Yajie Zhang in our group (29). The tSH2FX, N-
SH2+IA, and N-SH2 plasmids were previously constructed by Ms. Nina Gorenstein in our 
group (41).  
cDNA encoding murine Syk tandem SH2 domains, Ser 8 to Gln 264, was cloned 
into a pET-30a(+) (Novagen) vector (29) for the construct tSH2. The residue Y130 was 
mutated to glutamate using the QuikChangeTM Site-Directed Mutagenesis Kit 
(Stratagene) for the construct tSH2PM (29). The construct tSH2FX has interdomain A (Phe 
119 to His 162) substituted with a flexible 20-amino-acid linker [(GGS)3GS(GGS)3]. Two 
PCR reactions were performed for the tSH2FX construct: the cDNA product of reaction 1 
encodes (N)SH2 (Ser 8 to Pro 118) plus half of the linker (GGSGGSGGSG), and has 
cleavage sites for NdeI and BamHI; the cDNA product of reaction 2 encodes the other 
half of the linker (SGGSGGSGGS) plus (C)SH2 (Glu 163 to Gln 264), and has cleavage sites 
for BamHI and XhoI. These two pieces of cDNA were then cloned into the pET-30a(+) 
vector: the two inserts were cleaved by NdeI, BamHI, and XhoI; the vector was cleaved 





N-SH2+IA (Ser 8 to His 162) and N-SH2 (Ser 8 to Gly 117), with an N-terminal (His)6 tag 
and TEV cleavage site, were cloned into pET-30a(+) vectors. 
 
Plasmid amplification 
The plasmid was amplified using MAX Efficiency® DH5α™ Competent Cells 
(Invitrogen). Frozen cells were thawed on ice and 20 µL of cells were mixed with 1 µL of 
plasmid stock. The cells were further incubated on ice for at least 30 min and then 
subjected to heat shock for 45 s at 42 °C. The cells were incubated on ice for another 2 
min. 180 µL of SOC medium at room temperature was added. Cells were incubated at 
37 °C for 1 h. 2-5 µL of cells were then mixed with 100 µL of LB medium and spread on 
an agar plate. The plate was incubated at 37 °C for overnight and then stored at 4 °C 
before use. The storage time can be up to 2 weeks. A mid-sized and well-separated 
colony was picked and cultured in 3 mL of LB medium at 30 °C for overnight. The cells 
were then collected by centrifuge and suspended in 600 µL of high-purity water. The 
plasmid was extracted using Zyppy® plasmid miniprep kit according to manufacturer’s 
instructions. The sequence was confirmed by the DNA Sequencing Low Throughput 
Laboratory at Purdue Genomics Core Facility. 
 
Protein expression  
Proteins were expressed in Escherichia coli strain Rosetta 2 (DE3) (Novagen). Cells 
were thawed on ice. 15 µL of cells were mixed with 1 µL of plasmid. The cells were 
further incubated on ice for at least 5 min and then subjected to heat shock for 30 s at 
42 °C. The cells were incubated on ice for another 2 min. 80 µL of SOC medium at room 
temperature was added and cells were incubated at 37 °C for 1 h. 5-8 µL of cells were 
then mixed with 100 µL of LB medium for spreading on an agar plate. The plate was 
incubated at 37 °C for overnight and then stored at 4 °C. The storage time can be up to 2 
weeks. 
A mid-sized and well-separated colony was picked to inoculate 10 mL of LB 





culture was used to inoculate 50 mL of M9 minimal medium (containing 1 g/L of 15N-
labeled NH4Cl) and cells were kept at 37 °C for 4-5 h. Then the 50 mL of M9 culture was 
used to inoculate 1 L of M9 minimal medium (containing 1 g/L of 15N-labeled NH4Cl) and 
cells were grown at 37 °C until OD600 reading was 1.0–1.3. 1 mM of IPTG was added for 
the induction of expression and cells were then kept at 18 °C for 18–20 h for protein 
expression. SDS-PAGE was used to check the quality of protein expression (see Figure 2.1 
for an example). 
To harvest cells, 1 L of culture was split into bottles (usually 250 ml bottles), 
balanced and centrifuged at 5000 rpm for 30 min (8 °C). The cell pallets were then 
transferred to 50-mL plastic tubes (1 tube for cells from 0.5 L of culture). The remaining 
cells in bottles were washed and transferred to the 50-mL tubes. The tubes were 
centrifuged at 4000 rpm for 30 min at 8 °C. The supernatant was discarded and the cell 
pallet was stored at -20 °C before use. 
 
Protein purification 
The frozen cells were thawed on ice and carefully suspended in 30 mL of lysis 
buffer [Buffer A for column (see below) plus protease inhibitor cocktail (Sigma P8465; 43 
mg per 50 mL) and PMSF (0.1 mM)] with a spatula to have good resuspention and avoid 
air bubbles. The cells were lysed by French press three times with pressure 1000-1500 
psi. The French press was washed with 20 mL of lysis buffer which was collected and 
combined with the 30 mL lysate. The lysate was subjected to ultracentrifuge (45k rpm, 
40 min and 4 °C) and the soluble fraction was collected.  
The proteins of tSH2 constructs were loaded onto a phosphotyrosine-agarose 
affinity column and eluted with a linear gradient (Buffer A: 50 mM Tris, pH 8.0; Buffer B: 
Buffer A plus 1 M NaCl). An example of the chromatogram for tSH2FX purification is 
shown in Figure 2.2. 
The His-tagged N-SH2+IA and N-SH2 proteins were loaded onto a HisTrap HP 





according to manufacturer’s instructions, and loaded again onto the HisTrap HP affinity 
column to remove the cleaved (His)6 tag and AcTEV.  
 
NMR sample preparation 
The purified protein was concentrated to 0.8–1.0 mM with an Amicon Ultra-15 
Centrifugal Filter Unit (Millipore) and stored in NMR buffer (50 mM sodium phosphate 
buffer, pH 7.5, 5 mM DTT, and 0.02% NaN3) at 4 °C.  
The protein concentration of N-SH2 was determined by a Bradford assay kit 
(Thermo Scientific) due to the lack of Trp residues; the concentration of the other 
constructs was estimated from UV absorbance at 280 nm with extinction coefficients 
calculated by ExPASy ProtParam (42) (tSH2: 34380, tSH2PM: 32890, tSH2FX: 27390, N-
SH2+IA: 17420 M–1 cm–1). The purity of samples was >95% based on SDS-PAGE analysis. 
An example of the SDS-PAGE for Syk tSH2FX is shown in Figure 2.3. 
The protein samples were ~0.4 mM for 1H-15N TROSY HSQC experiments and 0.8–
1.0 mM for 15N relaxation experiments. These samples were made from the protein 
stocks by proper dilution using the same NMR buffer and adding 10% D2O. The final 







Figure 2.1 SDS-PAGE for the whole-cell lysate before and after protein expression induced by IPTG for the 
three tSH2 constructs. 
Lane 1 and 2: cells containing plasmid for tSH2 before and after protein expression 
Lane 3 and 4: cells containing plasmid for tSH2PM before and after protein expression 
Lane 5 and 6: cells containing plasmid for tSH2FX before and after protein expression 
To make the samples, take 1 mL of the M9 culture at the beginning or ending of protein expression, spin 
down cells, suspend in 200 µL of water, take 20 µL of the cells, and mix with 10 µL of the 3x SDS loading 
buffer (30 mM Tris PH 8, 3 mM EDTA, 0.03% bromophenol blue, 7.5 % SDS, and 15% Beta-









Figure 2.2 Chromatogram for the purification process of Syk tSH2FX protein using a phosphotyrosine-
agarose affinity column. 
Top: the whole chromatogram. Bottom: the zoomed-in area showing fractionation process only. UV 







Figure 2.3 SDS-PAGE for the total soluble proteins loaded onto column and the fractions collected during 
the purification process for Syk tSH2FX. 
Lane 1: the total soluble proteins loaded onto column  
Lane 2: the flow-through liquids during sample loading process 
Lane 3: the wash-out liquids during column washing after sample loading  
Lane 4: fraction #8 during fractionation process (start of the protein peak) 
Lane 5: fraction #11 during fractionation process (middle of the protein peak) 
Lane 6: fraction #16 during fractionation process (end of the protein peak) 
Lane 7: the pooled fractions (#8 to #16 combined)  
Lane 8: the pooled fractions concentrated to ~1 mL 






2.2.2 Characterization of NMR Chemical Shifts by 2D 1H-15N TROSY HSQC 
The NMR data were collected on a Bruker Avance-III-800 equipped with a 5mm 
TXI Z-gradient probe at 298 K. The chemical shifts were determined by 2D 1H-15N TROSY 
HSQC experiments with 2048 points in the 1H dimension and 256 points in the 15N 
dimension. All NMR experiments were performed at least three times. 
The raw spectra were processed by NMRPipe (43) and visualized by SPARKY 
3.113 (T. D. Goddard and D. G. Kneller, University of California, San Francisco, CA). 
Resonances (cross peaks) in the NMR spectra for various proteins (the three tSH2 
constructs, N-SH2+IA, and N-SH2) were assigned according to our previously published 
assignment data (29): an unassigned spectrum was overlaid with an assigned spectrum; 
and assignment was transferred from a known peak to an unknown peak if they have 
similar chemical shifts and surrounding peaks.  
 
2.2.3 Hydrodynamic Characterization and Comparison by 15N Relaxation Experiments 
NMR data collection 
The NMR data were collected on a Bruker Avance-III-800 equipped with a 5mm 
TXI Z-gradient probe at 298 K. The T1, T2, and NOE 15N relaxation experiments were 
carried out using the TROSY-based pulse program TRT1ETF3GPSI, TRT2ETF3GPSI3D, and 
TRNOEF3GPSI(37). Relaxation delays were 0.1, 0.1, 0.3, 0.5, 0.5, 0.7, 0.9, 0.9, 1.1, 1.3, 
1.3, 1.5 s for T1 experiments, and 17.3, 17.3, 34.6, 51.8, 51.8, 69.1, 86.4, 86.4, 104, 121, 
121, 138 ms for T2 experiments (the duplicated points were used to estimate 
uncertainties); the experiments were performed with these delays in a scrambled 
manner to minimize systematic error. In the 1H-15N steady-state NOE experiment, a 3-s 
recycling time plus a 3-s proton saturation pulse were used for the NOE spectrum, while 
a 6-s recycling time was used for the reference spectrum. All NMR experiments were 







NMR data analysis 
Only well-resolved and non-degenerating resonances were used for relaxation 
analyses. T1 and T2 values of individual peaks were extracted by fitting peak intensities 
I(t) (exported from SPARKY) versus relaxation delays t to the exponential decay curve: I(t) 
= I(0)*exp(-t*R) (R: T1 or T2 relaxation rate of the peak; R1 = 1/T1 and R2 = 1/T2) using 
program Sparky2rate (J. P. Loria, Yale University) and Curvefit (A. G. Palmer, Columbia 
University). NOE values of individual peaks were calculated as the ratio of peak 
intensities with and without proton saturation.  
To effectively compare the global motions, the interference of internal motions 
must be excluded; thus only residues which are within secondary structure elements 
(44), with NOE values > 0.65 (45), and free from conformational exchange (45) were 
used for the summary and τc fitting. The rotational diffusion correlation time τc was 
fitted by TENSOR 2.0 (44) using R1, R2, NOE values and the crystal structure (PDB 1A81 
Chain A) for each SH2 domain. The predicted correlation time for tSH2 and N-SH2 was 
obtained by HYDRONMR (46) using the crystal structure (PDB 1A81 Chain A, atomic 
element radius a = 1.5 Å, 298 K).  
 
2.3 Results and Discussion 
2.3.1 Summary of Chemical Shifts of Amide Resonances for the Three tSH2 Constructs 
2D 15N-1H TROSY HSQC spectra were firstly collected to characterize the chemical 
shifts of resonances observed for the three tSH2 constructs. Spectra for the three tSH2 
constructs are shown in Figure 2.4 to Figure 2.6. The numbers of total and assigned 



























Table 2.1 Summary of resonance numbers in 15N-1H TROSY HSQC spectra for the three tSH2 constructs. 
Protein Total Peaks Unassigned Assigned 
tSH2 165 24 141 
tSH2PM 187 25 162 









 It is easy to find out that the spectra for all three proteins are similar to each 
other, because most residues in the SH2 domains showed resonances with similar 
chemical shifts in all three tSH2 constructs, suggesting the SH2 domain structures are 
largely unaffected by the different linker status in the three proteins. 
 However, the residues in the linker region behaved differently. These residues 
were not observed in tSH2, likely due to exchange broadening (29); they were 
degenerated in tSH2FX, which was not unexpected because the linker region of tSH2FX 
contains only glycine and serine residues and was expected to be very flexible and 
disordered. 
 
2.3.2 NMR Relaxation Data Imply That Y130 Phosphorylation Partially but Not Fully 
Decouples the Two SH2 Domains 
The T1, T2, and NOE values of each residue in the three tSH2 constructs were 
determined from the exponential decay or ratio of peak intensities as described in 
section 2.2.3 and listed in Appendix C. Examples of fitting T1 and T2 values are shown in 
Figure 2.7 and Figure 2.8.  
As shown in Figure 2.9, NOE values of SH2-domain residues are similar among all 
three tSH2 constructs and near the long correlation-time limit (0.83), suggesting that the 
SH2 domains are well structured and ordered in all three constructs. Residues in the 
linker region (interdomain A, or IA) were not observed in tSH2 as a result of exchange 
broadening (29) and not resolved in tSH2FX due to degeneracy. IA residues of tSH2PM and 
the C-terminal residues of all three constructs show lower NOE values (around 0.5) than 
the other residues, suggesting higher flexibility (greater disorder) in these regions. 
In contrast, the T1, T2 and T1/T2 values of the three tSH2 constructs are different 
from each other (Figure 2.9). tSH2 residues show high T1, low T2, and high T1/T2 values, 
while tSH2FX residues show low T1, high T2, and low T1/T2 values. In comparison, 
tSH2PM residues show values between the corresponding residues of tSH2 and tSH2FX, 







Figure 2.7 Example of fitting T1 15N relaxation rate for a residue (K211 in tSH2FX). The peak intensity is 







Figure 2.8 Example of fitting T2 15N relaxation rate for a residue (V181 in tSH2FX). The peak intensity is 







Figure 2.9 Comparison of NOE, T1, T2 and T1/T2 values for Syk tSH2 constructs.  
Red: tSH2; Blue: tSH2PM; Green: tSH2FX. Data points represent the mean values and the error bars indicate 
standard deviations from two independent experiments. The bars on top denote secondary structure 
elements. Grey: α-helices. Black: β-sheets. The secondary structure elements are as follows: βA (residues 
14–16, 167–169), βB (residues 37–43, 190–196), βC (residues 49–56, 201–208), βDβD' (residues 59–68, 
211–220), βE (residues 72–75, 224–227), βF (residues 79– 81, 231–233), βG (residues 104–106, 256–258), 
αA (residues 20–29, 173–182), αB (residues 83–94, 235–246). The resonances of IA are not observed in 






To effectively compare the global motions, the rotational diffusion correlation 
time, τc, was fitted for each domain of each protein by using the relaxation data and 
crystal structure (PDB ID 1A81) of each SH2 domain. 
For τc calculation, the interference of internal motions must be excluded, thus 
only residues that are within secondary structure elements (44) (see Figure 2.9 for the 
secondary structure elements in SH2 domains), with NOE values larger than 0.65 (45), 
and free from conformational exchange (45) were used as qualified residues for τc fitting. 
The qualified residues are listed in Table 2.2. 
The input structure for τc prediction of tSH2 is from the bound form of Syk tSH2 
(PDB ID 1A81). This is because the domain-domain orientation of ligand-free tSH2 in 
solution resembles that of the bound crystal structure (29). 
The T1, T2, and T1/T2 values and correlation time, τc, were summarized for each 
SH2 domain of different proteins in Table 2.3. There is a good agreement between the 
T1/T2 and τc values. Similar to previous results (29), the experimentally measured τc 
values of tSH2 (17 ± 1 ns) is the same as the value predicted from X-ray structure, 
showing that the SH2 domain-domain interaction is strong and the two domains are 
hydrodynamically coupled by the structured linker and rotate as a rigid unit in solution. 
Meanwhile, tSH2FX with flexible linker has much smaller τc (8.2 ± 0.4 and 8.7 ± 0.4 ns; 
about half of that of tSH2) that is similar to a single SH2 domain plus IA (8.1 ± 0.4 ns), 
indicating rather independent rotation of each domain resulted from decoupling of the 
two SH2 domains by the disordered linker. However, the τc value of tSH2PM (11 ± 1 ns) is 
intermediate, lower than tSH2 but higher than tSH2FX, suggesting that the SH2-domain 
rotation of tSH2PM is faster than tSH2 but slower than tSH2FX and thus the linker of  






Table 2.2 Qualified residues for τc fitting for different proteins. 
Protein 
Qualified residues for each SH2 domain 
N-terminal SH2 domain C-terminal SH2 domain 
tSH2 
Y14 F16 A24 L37 L39 L52 V54 H56 
K59 A60 H61 H62 T64 A74 R79 
D86 Y90 S92 Q93 K104 
F168 D175 E178 Q179 K190 L192 
A195 S201 Y202 L204 C205 K211 R216 
D218 D220 K224 S226 V256 
tSH2PM 
Y14 F16 E22 D26 Y27 L39 L40 R41 
G49 A51 L52 S53 V54 A55 H56 
A60 H61 H62 Y63 Y73 A74 A80 
S83 D86 C88 H91 K104 
W167 H169 S173 D175 S177 E178 
Q179 T180 V181 L182 K190 L192 
A195 S201 A203 L204 C205 L207 
H208 R216 D218 K224 S226 K232 
F233 L236 H242 Y243 S244 V256 
tSH2FX 
Y14 F15 F16 E25 V29 L37 L40 R41 
S43 G49 F50 L52 S53 V54 A55 
H56 A60 H61 H62 Y63 E68 T72 
Y73 A74 I75 R79 H81 S83 L87 C88 
Y90 H91 S92 Q93 K104 F106 
F168 S173 R174 D175 E178 Q179 
T180 V181 K190 L192 I193 A195 S201 
A203 L204 C205 L206 H208 K211 
H214 R216 D218 R219 D220 K224 
L225 S226 I227 K231 K232 F233 T235 
L239 H242 Y243 S244 Y245 C258 
N-SH2+IA 
Y14 F16 E25 L37 L40 R41 S43 G49 
F50 L52 S53 V54 A55 H56 A60 
H61 E68 T72 Y73 S83 L87 C88 Y90 
H91 S92 Q93 K104 F106 
 
N-SH2 
Y14 F15 F16 E25 V29 L37 L40 R41 
G49 F50 L52 S53 V54 A55 H56 
A60 H61 Y63 E68 T72 Y73 A74 I75 
R79 A80 S83 L87 C88 Y90 H91 







Table 2.3 Comparison of T1, T2, T1/T2, and correlation time (τc) for different proteins.  
Construct Domainc T1 (ms)d T2 (ms)d T1/T2d τc (ns)
e τpred (ns)
f 
tSH2 (N)SH2 1400 ± 100 27 ± 3 53 ± 7 17 ± 1 17 ± 1g 
tSH2 (C)SH2 1400 ± 200 27 ± 3 52 ± 10 17 ± 1 17 ± 1g 
tSH2PM (N)SH2 920 ± 60 45 ± 4 21 ± 2 11 ± 1 - 
tSH2PM (C)SH2 910 ± 90 42 ± 4 22 ± 3 11 ± 1 - 
tSH2FX (N)SH2 630 ± 80 52 ± 6 12 ± 2 8.2 ± 0.4 - 
tSH2FX (C)SH2 650 ± 70 50 ± 5 13 ± 2 8.7 ± 0.4 -
 
N-SH2+IAa - 820 ± 80 66 ± 7 13 ± 1 8.1 ± 0.4 - 
N-SH2b - 670 ± 50 110 ± 40 6.4 ± 1.1 5.2 ± 0.3 5.9h 
a Isolated N-terminal SH2 domain plus interdomain A, residues 8 to 162.  
b Isolated N-terminal SH2 domain.  
c Resonances from the individual domain in tSH2 used for averaging T1/T2 and calculation of τc.  
d Data are shown as mean ± SD of the qualified residues (> 20 residues) from each domain; values of the 
individual residues are means from two independent measurements. Only residues with low internal 
mobility and free from conformational exchange are used for this summary and τc calculation; see Table 
2.2 for the residues.  
e Correlation time computed using TENSOR 2.0 (44) from experimental NMR measurements for each 
domain; data are shown as mean ± SD of the fitted values from two independent experiments.  
f Computationally predicted correlation time using HYDRONMR with the crystal structure (PDB ID 1A81, 
radius of the atomic elements α = 1.5 Å, 298 K).  
g Mean ± SD of the predicted correlation time for the six molecules in the asymmetric unit of the crystal 
structure.  
h The predicted correlation time for the isolated C-terminal SH2 domain is 5.4 ns, similar to that of the 







The allosteric regulation of the Syk association with the dp-ITAM regions of 
membrane receptors is through the phosphorylation of the linker region (interdomain A) 
connecting the two SH2 domains. From the comparison of heteronuclear relaxation 
properties of tSH2, tSH2PM, and tSH2FX, it is concluded that the phosphorylation of linker 
at Y130 results in a partial weakening of the SH2-SH2 interaction by inducing disorder in 
IA but does not cause IA conformation to be fully disordered as in tSH2FX in spite of 
predictions by other group (47); the phosphorylation does not affect SH2 domain 
structure or internal dynamics; and the phosphorylation changes only the 
conformational ensemble of domain structures as characterized by relative domain 
orientation and separation. 
These data suggest that the linker region of the phosphorylated tSH2 may still 
have residual level of order and thus the two SH2 domains could be weakly held in a 






CHAPTER 3. MATHEMATICAL MODELING AND NMR METHODOLOGY FOR THE 
MULTISTATE INTERACTIONS BETWEEN SYK TSH2 CONSTRUCTS AND ITAM PEPTIDES 
3.1 Background 
Previous studies showed the significantly reduced binding affinity due to the 
introduced negative charge on Y130 (section 1.3.3). Meanwhile, NMR relaxation 
experiment indicated that Y130 phosphorylation partially but not fully decouples SH2 
domains. Together, these data suggest that the binding between tSH2 and dp-ITAM 
peptide has altered equilibrium for the formation of the bifunctional complex due to the 
altered linker status. However, it is not clear yet which binding step is responsible for the 
changed affinity. Therefore the bindings of Syk tSH2 constructs to single pYXX(I/L) 
cassettes of dp-ITAM were investigated in comparison to full dp-ITAM by NMR titration 
experiments. 
In this chapter, the mathematical models for analyzing the multistate 
interactions between Syk tSH2 constructs and ITAM peptides are developed. These 
models could be used for NMR titration-curve (using chemical shifts of peak centers) 
and/or line-shape (using data points of the whole peak envelop) analyses to extract 
equilibrium binding constants and kinetic constants for each binding step in a multistate 
equilibrium. 
 
3.1.1 NMR Spectrum and Binding Study 
NMR spectrum is a rich source for information about molecular dynamics in 
solution, for not only rotational diffusion but also binding (39, 40). NMR is advantageous 
to the investigation of molecular interactions because it follows the binding process at a 





methods (such as gel filtration, equilibrium dialysis, and other spectroscopic methods) 
that have only a single readout to follow binding.  
In binding studies, the residual-level information from NMR enables 
investigations about each binding domain in a multi-domain protein which usually 
involves multistate equilibrium (48–51). It is of particular importance for the tSH2 
system that association of the two SH2 domains, (N)SH2 and (C)SH2, can be followed 
independently.  
 The analysis of NMR data is through titration-curve method and/or line-shape 
method. For titration-curve method, binding curves of the titration process are obtained 
from resonances in fast or fast-intermediate exchange regime, where the peak positions 
of resonances correspond to the fraction of bound species; this requires exchange rate 
to be approximately >2x frequency difference(50). The binding curves can be analyzed 
following general procedures as other methods (such as ITC and SPR). In contrast, line-
shape method can be used for not only resonances in fast or fast-intermediate exchange 
regime, but also resonances in slow-intermediate or slow regime, where binding affinity 
is too high such that exchange rate is not fast enough and peak maximum no longer 
tracks the bound fraction(50).  Line-shape analysis is done by using the whole peak 
envelope of the experimental line shape. 
 
3.1.2 The Distinct Behavior of Residues from Different SH2 Domains 
In the process of model development, resonances from the same domain were 
treated as independent observations of the domain binding; the basis of this treatment 
was that the residues within the same SH2 domain showed similar binding curves during 
titration while resonances from different SH2 domains displayed different ligand-
concentration dependence. 
Figure 3.1A shows titration curves for resonances from the two SH2 domains of 
tSH2 for the case of (N)SH2 and addition of C-IHP, or (C)SH2 and the addition of N-IHP, 





1.1). The (C)SH2-domain residues show similar titration curves, but different from 
(N)SH2-domain residues, and higher affinity than the (N)SH2-domain residues as 
indicated by the steeper slope of the curve. Furthermore, the titration curves for the 
same residue are similar in all three tSH2 constructs (Figure 3.1B), suggesting that the 
individual SH2 domain affinity is not changed significantly by linker phosphorylation 







Figure 3.1 Apparent binding behavior of residues in different SH2 domains in the three tSH2 constructs. 
(A) Standardized CSP (chemical shift perturbation) titration plot for resonances from residues in each 
domain of tSH2 (0.3 mM) upon addition of the IHP peptides. These residues correspond to the contacts of 
tSH2 with dp-ITAM (PDB ID 1A81). Residues within the same domain showed similar behavior while 
residues from different domains behaved differently. Data points: values of individual resonances from 
each domain. Lines: concentration-dependence curves fitted with the averaged values of residues from 
the same domain. (B) Standardized CSP plot for an (N)SH2 residue (Y73) and a (C)SH2 residue (L192) 
binding with the matched IHP peptide in three tSH2 constructs (0.3 mM). The same residue behaved 
similarly in all three tSH2 constructs. Data points: values of the indicated resonance for tSH2, tSH2PM or 






3.2 The 4-state Modeling for tSH2 Interaction with ITAM Half Peptides (IHPs) 
3.2.1 Mathematical Description 
A tSH2 protein molecule contains two binding domains: (N)SH2 and (C)SH2. The 
binding interaction between tSH2 and an IHP (N-IHP or C-IHP, which is ITAM half peptide 
containing only one pY residue; See Figure 1.5 for the sequence) is modeled with the 4-




Figure 3.2 The 4-state model for the interactions between a tSH2 protein and an IHP ligand with one 
pYXX(I/L) cassette.  
The possible tSH2 molecules are tSH2, tSH2PM, or tSH2FX. N and C represent (N)SH2 and (C)SH2, 
respectively. L denotes an IHP ligand with a single pYXX(I/L) cassette; the possible IHP ligands are N-IHP or 
C-IHP (see Figure 1.5). The four states for the tSH2 molecule are the ligand-free state (NC), the two 
intermediate states with only one ligand bound to either the (N)SH2 domain (N
L
C) or the (C)SH2 domain 
(NC
L




). Assuming the two 







Based on this scheme, the equilibrium between the (N)SH2 domain unbound and 








The equilibrium between the (C)SH2 domain unbound and bound states is characterized 








The total concentration of protein and ligand of each titration point is known and can be 
expressed as 
[Ptotal] = [NC] + [N
LC] + [NCL] + [NLCL] (3.3) 
[Ltotal] = [L] + [N
LC] + [NCL] + 2[NLCL] (3.4) 
From equations (3.1) to (3.4), the relationship between [L], [Ptotal], [Ltotal], KN and KC is 
[L]3 + [L]2(2[Ptotal]  −  [Ltotal] + K𝑁 + K𝐶)
+ [L]((𝐾𝑁 + K𝐶)[Ptotal] − (𝐾𝑁 + K𝐶)[Ltotal] + K𝑁𝐾𝐶)  − [Ltotal]𝐾𝑁𝐾𝐶 = 0
 (3.5) 
With the given values of [Ptotal], [Ltotal], KN and KC, the value of [L] can be solved 
analytically with Maxima (a Computer Algebra System, version 5.32.1, 
http://maxima.sourceforge.net). Once [L] is known, the concentrations of other species 
in the system could be determined as follows based on equations (3.1)-(3.4): 
[NC] =
𝐾𝐶𝐾𝑁[Ptotal]




















3.2.2 Titration-curve Analysis 
The NMR 2D 1H-15N HSQC peaks of IHP complexes generally showed fast or fast-
intermediate exchange behavior during titration experiments (see section 4.3.1), and 
thus the position of peak center between the resonance frequency for the unbound 
protein and fully saturated protein reflects the value of fraction bound of each domain. 









Values of fN and fC were obtained from equations (3.5)-(3.11) with given values of [Ptotal], 
[Ltotal], KN and KC. Noteworthy, equations (3.10) and (3.11) can be transformed to the 














Equations (3.12) and (3.13) assume no cooperativity and the two domains bind 
independently to an IHP ligand, and a hyperbolic binding curve is obtained when plotting 
the value of fraction bound protein against [L], where [L] is calculated with the fitted 
equilibrium dissociation constants.  
The titration-curve fitting procedure is described by the flow chart in Figure 3.3. 
In this procedure: 
1) The chemical shift perturbation (CSP) value of the amide resonance of 
each residue at each titration point was experimentally determined 
and denoted as d value [𝑑 = √(∆𝐻)2 + (0.154 ∆𝑁)2, ∆H and ∆N are 
the changes of 1H and 15N chemical shifts, respectively, at the current 
titration point relative to that of the ligand-free state (52)]  and 





possible d value for the given residue determined by fitting d values of 
that residue at different titration points to the total ligand 
concentrations with a logistic function which is widely used to model 
dose-response curves (53–55). 
2) With user-provided values of [Ptotal], [Ltotal], KN and KC, the predicted 
fraction bound values of each domain could be determined by 
equations (3.5)-(3.11).  
3) The values of KN and KC were then iteratively refined by a Newton 
optimization algorithm to match the experimental data, so that the 
following target function (Sum of squared errors between the 
experimentally determined data and the predicted data) is minimized 
















Where di,j is the peak-center CSP value for the resonance from (N)SH2 
residue j at titration point i; dmax,j is the maximal possible peak-center 
CSP value for the resonance from (N)SH2 residue j; fN,i is the predicted 
value of fraction bound for (N)SH2 at titration point i. Parameters with 
index k are similarly defined for (C)SH2 residue k.  
The fitting procedure was performed using home-written scripts in the statistical 
programming language, R (56). For each experiment, the best-fit values of parameters 
were determined using peak-center CSP values of the same set of residues  (G32, L37, 
L52, H61, Y73, A74, I99, F106, D175, G184, L192, C205, G210, and S244, which were well 
resolved in both the ligand-free and bound states in all complexes). Fitting errors of the 
best-fit values were determined by Monte-Carlo analysis using randomly generated 
synthetic data from a Gaussian distribution for resonances of each domain at each 
titration point; the mean and standard deviation of the Gaussian distribution were 





given titration point. In addition, experimental errors were estimated; for each complex, 
two experiments were performed and processed independently to obtain the 
experimental errors for the fitted parameters. The variance from experimental errors 
was generally larger than that from fitting errors; both variances were combined and 




Figure 3.3 Flow chart of the titration curve analysis for tSH2/IHP complexes with the 4-state model.  
The target function to be minimized is the sum of squared errors between the experimentally and 







Figure 3.4 The distribution of fitted values of dissociation constants of C-IHP binding to the three tSH2 
constructs using the titration-curve analysis and 4-state model.  
Two independent experiments were performed for each complex and 100 Monte-Carlo simulations were 






3.2.3 Line-shape Analysis  
The line shape analysis requires two additional parameters to describe the four-
state system: the off rate for the (N)SH2 domain binding process 𝑘off
𝑁  and the off rate for 
the (C)SH2 domain binding process 𝑘off













The predicted line shape for a given nucleus at a given titration point was 
generated using the matrix-form solution (48, 51) of Bloch-McConnell equations: 
𝑆𝑝𝑟𝑒𝑑(𝜔)  =  Real (∑((𝐌𝟏+M𝟐)
−1 × 𝐏)) (3.17) 
where 
𝐌𝟏 = R − i𝛀 − 𝐊 (3.18) 
𝐌𝟐 = i𝜔 (
1 0 0 0
0 1 0 0
0 0 1 0













P is a vector of equilibrium concentrations of the four species calculated by equations 
(3.5) to (3.9) at the given titration point. R is a diagonal matrix with elements equal to 
the transverse relaxation rates of the resonance of the nucleus in the four species in P. Ω 
is a diagonal matrix for the intrinsic resonant frequency (ω0) of the given nucleus in each 
of the four species in P. R and Ω were obtained by fitting the resonance peaks at the 
ligand-free and saturated states of the given nucleus to a Lorentzian function (assuming 
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The line-shape analysis was performed with a procedure (Figure 3.5) similar to 
the titration-curve analysis. In this procedure: 
1) The experimental line-shape data for a nucleus at each titration point were 
extracted from the 2D 1H-15N HSQC spectra as a 1D slice and normalized. 
2) With user-provided values of [Ptotal], [Ltotal], KN, KC, and the off-rates (𝑘off
𝑁  and 
𝑘off
𝐶 ), the predicted line-shape data for each residue at each titration point 
could be determined by equations (3.17)-(3.21).  
3) The values of KN, KC and the off-rates were then iteratively refined by a 
Newton optimization algorithm to match the experimental data, so that the 
following target function (Sum of squared errors between the experimentally 
determined and the predicted line-shape data) is minimized globally 
(insensitive to the starting values): 
∑{ [𝑆𝑖,𝑗






𝑝𝑟𝑒𝑑(𝜔𝑘)  and 𝑆𝑖,𝑗
𝑒𝑥𝑝𝑡(𝜔𝑘)  are the predicted and experimental 
spectrum intensity of resonance i at titration point j at frequency 𝜔𝑘 , 
respectively; 𝑎𝑖  and 𝑏𝑖  are the intensity and baseline correction factors for 
resonance i to compensate the normalization errors, if any, introduced during 
the normalization process of the experimental line-shape data. 
The line shape-fitting procedure was performed using Matlab R2014a (The 
MathWorks, Inc.). The experimental 1D-slice data extraction, normalization, and line 
width/frequency estimation processes utilized tools and subroutines in the IDAP 
package (50) (version 1.5.4, http://lineshapekin.net). The model-specific calculations of 
the equilibrium concentrations and the predicted line-shape data were carried out using 





were determined using line-shape data of 1H-15N resonances from the same set of 
residues: G32, L37, L52, H61, Y73, A74, I99, F106, D175, G184, L192, C205, G210, and 
S244.  These resonances were selected because they were well resolved in both the 
ligand-free and bound states in all complexes. Fitting errors of the best-fit values were 
determined by bootstrapping analysis using random selections from the experimental 
datasets for resonances from a given SH2 domain: seven resonances from (N)SH2 and 
five resonances from (C)SH2. For each complex, two experiments were performed and 
processed independently to obtain the experimental errors for the fitted parameters. 
The variance from experimental errors was generally larger than that from fitting errors; 
both errors were combined and reported as the final uncertainty for the fitted 







Figure 3.5 Flow chart of the line-shape analysis procedures.  
The target function to be minimized is the sum of squared errors between the experimentally and 
computationally determined line-shape data of each residue at each titration point. The fitting 
parameters vary for different models, while the other parameters in the models are fixed, where 







Figure 3.6 The distribution of fitted values of dissociation constants of C-IHP binding to the three tSH2 
constructs using the line-shape analysis and 4-state model.  
Two independent experiments were performed for each complex and 100 bootstrapping simulations 






3.3 The 10-state Modeling for tSH2 Interaction with ITAM Peptide (ITP) 
3.3.1 Mathematical Description 
Considering all possible and relevant species, the interaction between the two 
domains of a tSH2 molecule and an ITP ligand (dp-ITAM peptide, which contains 2 pYs) is 
described by the cartoon in Figure 3.7 and scheme in Figure 3.8.  
Theoretically, four other species which have 1 ITP bound with 2 tSH2 molecules 
may also form; however, these species are not included in the model due to the 
following reasons: 1) they can only form when [ITP] is low comparing with [tSH2]; 2) 
even if they form, the estimated population is very low according to the internal binding 
affinities of each SH2 domain with each pYXX(I/L) cassette determined with the 4-state 
model (see section 4.3.1); 3) their population further decreases when [ITP] increases 
during the titration experiments in which tSH2 is titrated with ITP; 4) including these 
species complicates the model and there is no clear evidence to support the necessity. 
 
 
Figure 3.7 Cartoon representation of the 10-state model for the interactions between a tSH2 molecule 
and the full-length ITP comprising two pYXX(I/L) cassettes. 
The two blue spheres denote the (N)SH2 and (C)SH2 domains in tSH2, respectively. The pink and green 






Figure 3.8 Scheme representation of the 10-state model for the interactions between a tSH2 molecule 
and the full-length ITP comprising two pYXX(I/L) cassettes. 
The possible tSH2 molecules are tSH2, tSH2PM, or tSH2FX. L denotes the full-length ITP with two pYXX(I/L) 
cassettes. The 10-state model contains all possible interactions between an SH2 domain (N or C) of tSH2 
and the N- or C-terminal cassette (superscript N or C) of the full-length ITP. The first step is inter-
molecular binding: a tSH2 molecule in the ligand-free state (NC, shown in red) binds either the N- or C-
terminal cassette of ITP through either of its two domains to form a 1:1 monofunctional complex (NNC, 
NCC, NCN, or NCC). The second step can be another inter-molecular binding; the 1:1 monofunctional 
complex can bind to another ITP through its unbound domain to form a 2:1 ternary complex (NNCN, NCCN, 
NNCC, or NCCC). Alternatively, the second step can be an intra-molecular binding (isomerization) whereby 
NCC or NCN (shown in blue and green, respectively) form the 1:1 bifunctional complex N′C′ (shown in 
purple; this is the head-to-tail binding complex; see Figure 1.1). Assuming each SH2 domain binds an ITP 
peptide independently, the model has four equilibrium dissociation constants for the inter-molecular 
binding events: KNN, KNC, KCN, and KCC, where the first and second subscript indicates the SH2 domain and 
the ITP cassette, respectively. The model also has two equilibrium isomerization constants for the intra-
molecular bindings: K′N for NC
N isomerization to N′C′, and K′C for N
CC isomerization to N′C′. NCN and N′C′ 






Based on this scheme, the equilibria for the initial inter-molecular binding 
processes (a single tSH2 domain binding with a single pY of an ITP ligand) are 









































The equilibria for the two intra-molecular binding processes (from the 1:1 mono-
functional complex NCC or NCN to form a 1:1 bi-functional complex N′C′) are 









Note that K'C can be expressed as KCN × K'N / KNC and is thus not an independent variable. 
The total concentration of protein and ligand of each titration point is known and can be 
expressed as 
[Ptotal] = [NC] + [N
NC] + [NCC] + [NCN] + [NCC] + [N′C′] 
+[NNCN] + [NCCN] + [NNCC] + [NCCC] 
(3.29) 
[Ltotal] = [L] + [N
NC] + [NCC] + [NCN] + [NCC] + [N′C′] 
+2[NNCN] + 2[NCCN] + 2[NNCC] + 2[NCCC] 
(3.30) 
From equations (3.23)-(3.30), the relationship between [L], [Ptotal], [Ltotal], KNN, KNC, KCN, 
KCC, and K'N is 
𝑎[L]3 + 𝑏[L]2 + 𝑐[L] + 𝑑 = 0 (3.31) 
where 





𝑏 = ((2 𝐾′𝑁𝐾𝐶𝑁 + 2 𝐾′𝑁𝐾𝐶𝐶)𝐾𝑁𝑁 + (2 𝐾′𝑁𝐾𝐶𝑁 + 2 𝐾′𝑁𝐾𝐶𝐶)𝐾𝑁𝐶)[Ptotal]
+ ((−𝐾′𝑁𝐾𝐶𝑁 −𝐾′𝑁𝐾𝐶𝐶)𝐾𝑁𝑁
+ (−𝐾′𝑁𝐾𝐶𝑁 − 𝐾′𝑁𝐾𝐶𝐶)𝐾𝑁𝐶)[Ltotal]
+ ((𝐾′𝑁𝐾𝐶𝑁 + (𝐾′𝑁 + 1)𝐾𝐶𝐶)𝐾𝑁𝐶 + 𝐾′𝑁𝐾𝐶𝐶𝐾𝐶𝑁)𝐾𝑁𝑁
+𝐾′𝑁𝐾𝐶𝐶𝐾𝐶𝑁𝐾𝑁𝐶  
(3.33) 
𝑐 =  (((𝐾′𝑁𝐾𝐶𝑁 + (𝐾′𝑁 + 1)𝐾𝐶𝐶)𝐾𝑁𝐶 + 𝐾′𝑁𝐾𝐶𝐶𝐾𝐶𝑁)𝐾𝑁𝑁
+𝐾′𝑁𝐾𝐶𝐶𝐾𝐶𝑁𝐾𝑁𝐶) [Ptotal]
+ ((((−𝐾′𝑁 − 1)𝐾𝐶𝐶 − 𝐾′𝑁𝐾𝐶𝑁)𝐾𝑁𝐶 −𝐾′𝑁𝐾𝐶𝐶𝐾𝐶𝑁)𝐾𝑁𝑁
−𝐾′𝑁𝐾𝐶𝐶𝐾𝐶𝑁𝐾𝑁𝐶) [Ltotal] + 𝐾′𝑁𝐾𝐶𝐶𝐾𝐶𝑁𝐾𝑁𝐶𝐾𝑁𝑁  
(3.34) 
𝑑 =  −𝐾′𝑁𝐾𝐶𝐶𝐾𝐶𝑁𝐾𝑁𝐶𝐾𝑁𝑁[Ltotal] (3.35) 
With given values of [Ptotal], [Ltotal], KNN, KNC, KCN, KCC, and K'N, the value of [L] can be 
solved analytically (by Maxima). Once [L] is known, the concentrations of other species 
in the system are as follows based on equations (3.23)-(3.30): 
[NC] = 𝐾′𝑁𝐾𝐶𝐶𝐾𝐶𝑁𝐾𝑁𝐶𝐾𝑁𝑁[Ptotal]
/ (((𝐾′𝑁𝐾𝐶𝑁 + 𝐾′𝑁𝐾𝐶𝐶)𝐾𝑁𝑁 + (𝐾′𝑁𝐾𝐶𝑁 +𝐾′𝑁𝐾𝐶𝐶)𝐾𝑁𝐶)[L]
2
+ (((𝐾′𝑁𝐾𝐶𝑁 + (𝐾′𝑁 + 1)𝐾𝐶𝐶)𝐾𝑁𝐶 +𝐾′𝑁𝐾𝐶𝐶𝐾𝐶𝑁)𝐾𝑁𝑁











































3.3.2 Line-shape Analysis 
The NMR 2D 1H-15N HSQC peaks of ITP complexes generally showed slow or slow-
intermediate exchange behavior during titration experiments (see section 4.3.2), and 
thus the position of peak center between the resonance frequency for the unbound 
protein and fully saturated protein no longer reflects the value of fraction bound of each 
domain. In this situation, only line-shape analysis can be used to study binding 
constants.  
The line-shape analysis requires six more parameters to describe the 10-state 
system: the off rates for the four inter-molecular and two intra-molecular binding 





































The predicted line shape for a nucleus at a given titration point using the 10-state 
model are as described for the 4-state model in section 3.2.3, except that the matrices in 
equations (3.17) and (3.18) become:  




































E is a 10 by 10 identity matrix. P is a vector of equilibrium concentrations of the ten 
species calculated from equations (3.31)-(3.45) for the given titration point. R and Ω 
were obtained as described for the 4-state model. For a given nucleus, binding with the 
N-terminal pY of ITP is assumed to result in similar values of ω0 and R2,0 in the bound 
state as binding with the C-terminal pY, because they showed similar titration profiles in 
terms of the direction and magnitude of CSP (chemical shift perturbation). K is the 10 by 











𝑎1,1 𝑎1,2 𝑎1,3 𝑎1,4 𝑎1,5 0 0 0 0 0
𝑎2,1 𝑎2,2 0 0 0 0 𝑎2,7 0 𝑎2,9 0
𝑎3,1 0 𝑎3,3 0 0 𝑎3,6 0 𝑎3,8 0 𝑎3,10
𝑎4,1 0 0 𝑎4,4 0 𝑎4,6 𝑎4,7 𝑎4,8 0 0
𝑎5,1 0 0 0 𝑎5,5 0 0 0 𝑎5,9 𝑎5,10
0 0 𝑎6,3 𝑎6,4 0 𝑎6,6 0 0 0 0
0 𝑎7,2 0 𝑎7,4 0 0 𝑎7,7 0 0 0
0 0 𝑎8,3 𝑎8,4 0 0 0 𝑎8,8 0 0
0 𝑎9,2 0 0 𝑎9,5 0 0 0 𝑎9,9 0











































































𝐶  (3.78) 
𝑎4,6 = 𝑘′off





𝑁  (3.80) 
𝑎2,7 = 𝑘off
𝐶𝑁  (3.81) 
𝑎4,7 = 𝑘off
𝑁𝑁  (3.82) 
𝑎7,7 = −𝑘off
𝐶𝑁 − 𝑘off
𝑁𝑁  (3.83) 
𝑎3,8 = 𝑘off
𝐶𝑁  (3.84) 
𝑎4,8 = 𝑘off
𝑁𝐶  (3.85) 
𝑎8,8 = −𝑘off
𝐶𝑁 − 𝑘off
𝑁𝐶  (3.86) 
𝑎2,9 = 𝑘off
𝐶𝐶  (3.87) 
𝑎5,9 = 𝑘off
𝑁𝑁  (3.88) 
𝑎9,9 = −𝑘off
𝐶𝐶 − 𝑘off






𝐶𝐶  (3.90) 
𝑎5,10 = 𝑘off
𝑁𝐶  (3.91) 
𝑎10,10 = −𝑘off
𝐶𝐶 − 𝑘off
𝑁𝐶  (3.92) 
 
 
3.4 The 3-state Modeling for tSH2 Interaction with ITAM Peptide (ITP) 
3.4.1 Mathematical Description 
Considering only the major species, the interaction between the two domains of 
a tSH2 molecule and the full-length ITP ligand (dp-ITAM peptide, which contains 2 pYs) is 
simplified into three states and described by the scheme in Figure 3.9 (see section 4.3.2 
for discussions).  
 
 
Figure 3.9 The simplified 3-state model for the interactions between a tSH2 molecule and the full-length 
ITP comprising two pYXX(I/L) cassettes.  
The possible tSH2 molecules are tSH2, tSH2PM, or tSH2FX. L denotes the full-length ITP with two pYXX(I/L) 
cassettes. Considering only the major products of each step, the 10-state model can be simplified to this 
3-state model. The structure of each state is shown below the name. 
 
 
 There are only two binding processes: an inter-molecular binding step between 
the (C)SH2 domain of tSH2 and N-terminal pY cassette of ITP described by KCN, and an 
intra-molecular binding (isomerization) step between the (N)SH2 domain of tSH2 and C-













The total concentrations of protein and ligand at each titration point are known and can 
be expressed as 
[Ptotal] = [NC] + [NC
N] + [N′C′] (3.95) 
[Ltotal] = [L] + [NC
N] + [N′C′] (3.96) 
From equations (3.93)-(3.96), the relationship between [L], [Ptotal], [Ltotal], KCN, 
and K'N is 
(𝐾′𝑁 + 1)[L]
2 + ((𝐾′𝑁 + 1)[Ptotal] − (𝐾′𝑁 + 1)[Ltotal] + 𝐾𝐶𝑁𝐾′𝑁)[L]
− 𝐾𝐶𝑁𝐾′𝑁[Ltotal] = 0 
(3.97) 
With given values of [Ptotal], [Ltotal], KCN, K'N, the value of [L] can be solved analytically. 
Once [L] is known, the concentrations of other species in the system could be 
determined as follows based on equations (3.93)-(3.96): 
[NC] =
𝐾𝐶𝑁𝐾′𝑁[Ptotal]












3.4.2 Line-shape Analysis 
The line-shape analysis requires two more parameters to describe the 3-state 
system: the off rates for the (C)SH2 domain binding process, 𝑘off
𝐶𝑁, and that for the(N)SH2 
domain binding process 𝑘′off

















The predicted line shape for a nucleus at a given titration point using the 3-state 
model is as described in section 3.2.3, except that the following matrices in equations 
(3.17) and (3.18) are now:  










P is a vector of equilibrium concentrations of the three species calculated with equations 
(3.97) to (3.100) at the given titration point. R and Ω were obtained as described for the 

















NMR spectrum contains rich information for protein binding studies, which may 
be an essential tool when studying the binding behaviors of multi-domain proteins. In 
this chapter, the mathematical models and analyses for possible interactions between 
tSH2 constructs and the ITAM peptides (ITP or IHPs) are discussed. 
With these models, the bindings between IHP peptides (N-IHP or C-IHP) and tSH2 
constructs can be analyzed by both titration-curve and line-shape methods due to the 
fast or fast-intermediate exchange behavior observed during NMR titration experiments. 
In contrast, the bindings between ITP peptide and tSH2 constructs can only be analyzed 
by line-shape method due to the slow or slow-intermediate exchange behavior noted in 
NMR titration experiments. The actual NMR titration data and fitted binding parameters 






CHAPTER 4. DETERMINATION OF BINDING CONSTANTS FOR EACH STEP IN THE 
MULTISTATE EQUILIBRIA BY NMR TITRATION EXPERIMENTS 
4.1 Background 
NMR titration experiment is an analytical way to study the binding behaviors 
between two molecules, usually a protein and a ligand. The procedure requires multiple 
protein samples with different ligand concentrations, which can be prepared either 
separately or by adding aliquoted ligands into the same protein sample at each titration 
point. The NMR spectrum is then collected at each titration point and analyzed using 
chemical shifts or line shape information of the interested resonance. 
NMR titration experiment can provide the binding information, such as 
equilibrium binding constant, on rate, and off rate for every resonance (i.e. each residue) 
in the protein and thus is an essential tool for studying binding behaviors of multi-
domain proteins involving multistate binding equilibria. 
In the previous chapter, the mathematical models and NMR methodology were 
developed for the possible interactions between tSH2 constructs and ITAM peptides. In 
this chapter, the experimental procedures of NMR titration experiments, actual NMR 
data at different titration points, and the binding information extracted from the NMR 






4.2 Materials and Methods 
4.2.1 Prepare Titration Samples 
The NMR samples for tSH2 proteins were prepared as described in section 2.2.1. 
The protein samples were 0.3-0.4 mM and ~400 µL for titration experiments. The 
protein samples were prepared and stored in an eppendorf tube at 4 °C before use.  
 The three peptides, ITP [Ac-PD(pY)EPIRKGQRDL(pY)SGLNQR-NH2], N-IHP [Ac-
PD(pY)EPIRKG-NH2], and C-IHP [Ac-QRDL(pY)SGLNQR-NH2], were purchased from 
EZBiolab. The purity of all peptides was more than 95% based on mass spectrometry. 
The peptides were dissolved in pure water (with pH adjusted to 7) and extensively 
dialyzed (2-3 h for the 1st time; ~6 h for the 2nd time; and overnight for the 3rd time) 
against 1 L of pure water at 4 °C with a Micro Float-A-Lyzer® (Spectra/Por®; 0.1-0.5 kD; 
100-200 or 400-500 µL) according to manufacturer’s instructions. The amount of peptide 
was estimated from UV absorbance at 267 nm with extinction coefficients from the 
literature (22): 1304 M–1 cm–1 for ITP, 652 M–1 cm–1 for N-IHP and C-IHP. Samples were 
aliquoted into eppendorf tubes according to pre-calculated titration points, lyophilized 
with a freeze-drier after flash freezing in liquid nitrogen, and stored at –20 °C before use. 
As an analytical experiment, the concentrations and volumes of all samples must 
be accurately determined to avoid systematic errors. For this purpose, pipettes were 
well calibrated before sample preparation; sample-transfer steps were performed with 
extreme care to avoid volume loss; and multiple measurements (3-6 times) were carried 
out for concentration determinations. 
 
4.2.2 Perform Titration Experiments 
The protein samples were transferred from the storage tube to a Shigemi® NMR 
tube and a 2D 15N-1H TROSY HSQC experiment was performed to record the spectrum at 
the ligand-free state as the 1st titration point. 
The protein sample was then transferred to an eppendorf tube containing the 





inverting the tube 2-3 times, centrifuged briefly with a low-speed desktop mini 
centrifuge to bring down all solution to the bottom of tube, and transferred back to the 
same NMR tube to record another 2D 15N-1H TROSY HSQC spectrum for the 2nd titration 
point. This process was repeated for the desired titration points, until the spectrum 
indicated that the binding reached the saturation state.  
For each titration experiment, six to eight titration points were used with four to 
six points in the steep region on a simulated binding curve where the interested binding 
site was approximately 20%-80% saturated. A home-made online titration-curve 
simulator was used to generate the simulated titration curves. A snapshot of the online 








Figure 4.1 The home-made online titration-curve simulator for titration experiments. 






Careful and slow transfers of the protein samples are required during the NMR 
titration experiments to avoid: 1) volume loss which may change ligand-protein molar 
ratios of the following titration points; and 2) air bubbles which may denature the 
proteins such that the sample concentrations and the ligand-protein molar ratios of the 
current/following titration points change. 
The goal above is not easy to achieve if a regular pipettor or rubber bulb is used 
to manipulate the thin glass pipette for NMR samples due to unsatisfying airtightness 
and poor precision of flow control. To solve this problem, a home-made device is 
generated and used for the protein sample transfers during the NMR titration 
experiments.  
As shown in Figure 4.2, the device can be made easily with common wet-lab 
materials, a thin glass pipette and a 1 mL plastic syringe sealed together by Parafilm M® 
paraffin film, for good airtightness and flow control. The same device was used 
throughout the whole process of a titration experiment at different titration points to 








Figure 4.2 The home-made device for protein-sample transfers during NMR titration experiments.  
This device can be easily made with common wet-lab materials, a thin glass pipette and a 1 mL plastic 






4.2.3 Analyze Titration Data 
The raw spectra were processed by NMRPipe (43) and visualized by SPARKY 
3.113 (T. D. Goddard and D. G. Kneller, University of California, San Francisco, CA).  
Peaks of the ligand-free proteins were assigned according to our previously 
published data (29) as described in section 2.2.2. For peaks in the bound proteins, fast-
exchange peaks were assigned by directly tracking the changes of chemical shifts, while 
slow-exchange peaks were assigned with similar procedures to the ligand-free proteins, 
according to the unpublished chemical shift assignments of the ITP-bound tSH2 and 
tSH2PM by Dr. Yajie Zhang. Chemical shifts of the three tSH2 constructs bound with ITP or 
N-IHP or C-IHP are listed in Appendix B. 
The model development and fitting procedures of NMR titration-curve and line-
shape analyses are described in chapter 3. 
 
4.3 Results and Discussion 
In all binding studies, the same set of residues  (G32, L37, L52, H61, Y73, A74, 
I99, F106, D175, G184, L192, C205, G210, and S244, which were well-resolved in both 
free and bound states in all complexes) were used to compare the differences between 
the complexes. For each complex, resonances from the same SH2 domain were treated 
as independent measurements of the domain affinity, because they have the same 
titration behavior and the differences between the two domains are significant (see 
section 3.1.2). 
 
4.3.1 Linker Status Does Not Change the Internal Binding Affinity of Each SH2 Domain 
The interactions between Syk tSH2 construct (tSH2, tSH2PM, or tSH2FX) and IHP 
(N-IHP or C-IHP) were firstly investigated; this is to compare the single SH2 domain 
binding affinity in tSH2 constructs with different linker status. These interactions 
generally are in fast or fast-intermediate exchange regime (Figure 4.3A) and thus both 





 The conventional 2-state model was firstly assumed to fit the NMR titration-
curve and line-shape data. However, it was found that this simple model could not 
explain the experimental data: the plot of fraction bound vs. free [L] shows sigmoidal 
behavior and differs from the theoretical curve (Figure 4.3B); the experimental line 
shape doesn’t agree with the predicted line shape (Figure 4.3D). These results suggest 
that a model with more intermediate states is needed, which makes sense considering 
the system has two potential binding sites (one on each SH2 domain) and the head-to-
tail binding mode is not absolute. A 4-state model was developed to explain the 
interactions between a tSH2 molecule and an IHP ligand. As shown in Figure 3.2, this 
model contains four states of a tSH2 molecule interacting with an IHP ligand: the 
unbound state, the two intermediate states with only one ligand bound, and the 2:1 
complex state with two ligands bound. With this model, the experimental data agree 
with the predicted curves well for both the titration-curve and line-shape analyses 






Figure 4.3 Representative NMR 15N-HSQC chemical shift titration data and comparison of fitting the 2-
state model and 4-state model by titration-curve/line-shape analysis for IHP complexes.  
(A) Overlaid HSQC spectra for tSH2PM (0.3 mM) titration with N-IHP. Increasing [N-IHP] corresponds to 
color changes from red, orange, yellow, green, cyan, blue, to purple. A zoomed region with H61 and A74 is 
shown as an example. The arrows indicate the shift of peaks during the titration process.  
(B-C) Titration-curve analysis for a fast-exchange residue, H61, in tSH2PM plus N-IHP with either the 
conventional 2-state model or the 4-state model in Figure 3.2. The fraction bound values are the peak 
centers after normalization, and the free ligand concentrations are calculated with the indicated model. 
Dotted box: zoomed view. Circles: raw data. Line: predicted values with the indicated model.  
(D-E) Line-shape analysis for a fast exchange residue, A74, in tSH2PM plus N-IHP with either the 
conventional 2-state model or the 4-state model. Circles: raw line-shape data. Lines: predicted line-shape 
with the indicated model (Red: the first titration point with no ligand. Purple: the last titration point with 







 The binding constants determined with the 4-state model by the titration-curve 
(yields dissociation constants only) and line-shape (yields dissociation and rate 
constants) methods are summarized in Table 4.1. First, the dissociation constants 
determined by both methods agree with each other. Values from the two methods are 
either within the error limits or within 1.5 fold of each other, showing that both methods 
work well for the IHP complexes. Second, the same SH2 domain binds with the same IHP 
ligand similarly in all three tSH2 constructs. The values of the binding constants of the 
same domain/IHP combination in the three tSH2 constructs are also either within error 
limits or within 1.5 fold of each other [e.g. Kd is 59-69 vs. 69-84 vs. 50-53 μM for N-IHP 
binding with the (C)SH2 of tSH2, tSH2PM, and tSH2FX, respectively]. This result suggests 
that the linker status does not affect the intrinsic binding affinity of single SH2 domains, 
and phosphorylated Y130 does not inhibit binding by direct competition, which 
corroborates the notion that regulation is allosteric. Third, the (C)SH2 domain binding 
with N-IHP shows the highest binding affinity: higher than any other combinations by 
~10 fold. This observation suggests that the first step of Syk association with ITAM is 
(C)SH2 binding with N-terminal pYXX(L/I) cassette; it is consistent with the theory that 
Src family kinases phosphorylate only the N-terminal pYXX(L/I) cassette on ITAM while 
the C-terminal pYXX(L/I) cassette is likely phosphorylated by Syk itself (1). 
Unexpectedly, these single-domain affinities are rather low compared with those 
in most other SH2-domain-phosphotyrosine interactions, which typically have 
dissociation constant values ranging from 20 nM to 50 μM (∆G0 from -5.9 to -10.6 
kcal/mol, SH2 domains from nine proteins) (57–59).  Meanwhile, tSH2PM binds dp-ITAM 
with a reported Kd value of 1.8 μM (29) that is lower than any Kd values for a single SH2 
domain binding with a single pYXX(L/I) cassette (N-IHP or C-IHP) determined here. 
Together, these data disagree with the previously proposed model in which Y130 
phosphorylation switched the tSH2-ITAM interactions from high-affinity bifunctional 
binding to low-affinity monofunctional binding; bifunctional binding is still possible for 






Table 4.1 Dissociation and kinetic constants determined for individual SH2 domains of different IHP 








N   
(106 s-1M-1)b 
𝑘off







C   
(106 s-1M-1)b 
𝑘off
C   
(s-1)b 
tSH2 / N-IHP 450 ± 30 730 ± 20 2.5 ± 0.5 1800 ± 300 59 ± 6 69 ± 4 5.5 ± 0.4 380 ± 20 
tSH2PM / N-IHP 820 ± 60 1300 ± 100 2.9 ± 0.3 3700 ± 300 69 ± 3 84 ± 4 6.6 ± 0.4 550 ± 20 
tSH2FX / N-IHP 570 ± 20 820 ± 50 1.6 ± 0.3 1300 ± 200 50 ± 3 53 ± 7 6.6 ± 1.0 350 ± 20 
tSH2 / C-IHP 510 ± 150 360 ± 40 2.6 ± 0.3 950 ± 60 350 ± 60 220 ± 40 12 ± 5 2600 ± 900 
tSH2PM / C-IHP 540 ± 30 610 ± 110 3.3 ± 1.4 2000 ± 800 280 ± 20 310 ± 50 13 ± 11 4100 ± 3300 
tSH2FX / C-IHP 570 ± 200 510 ± 90 3.9 ± 1.3 2000 ± 600 350 ± 130 290 ± 50 6.2 ± 3.3 1800 ± 900 
a Dissociation constants determined by titration-curve analysis.  
b 
Dissociation and kinetic constants determined by line-shape analysis.  
Data are shown as mean ± SD of fitted values from two independent experiments. The values for the 
SH2+IHP interaction relevant to the head-to-tail binding of dp-ITAM to tSH2 are shown in bold. 
 
 
With the fitted binding constants, the continuous change of the concentration of 
each species in the 4-state model was simulated for each tSH2 construct binding with 
each IHP. The three tSH2 constructs behave similarly when binding with the same IHP 
because the single-domain binding affinities are similar as aforementioned. As expected 
(see Figure 4.4), most tSH2 molecules form the two intermediate states (with only 1 IHP 
ligand bound; NLC and NCL in Figure 3.2) at the beginning of titration (the NCL state has 
higher population due to its higher affinity, especially when binding with N-IHP). 
However, the concentration of these two intermediate states decreases as the 
concentration of ligand increases. Finally, the population of the 2:1 complex (NLCL in 







Figure 4.4 The simulated change of concentration of each species for the tSH2 construct binding with IHPs 
in the 4-state binding model.  
[Ptotal] is 0.3 mM similar as that for NMR experiments. The simulated curves are similar for all three tSH2 
constructs, because the binding affinity of a specific SH2 domain with a specific IHP is similar in all three 
tSH2 constructs. For a specific IHP, the curves shown were simulated using the averaged values of the 
dissociation constants (KN and KC) of the three tSH2 constructs (see Table 4.1; KN and KC values of bindings 
with N-IHP or C-IHP by line-shape analysis).  
 
 
4.3.2 The Isomerization Step towards the Bifunctional Complex Has An Increased 
Energy Barrier after Y130 Phosphorylation 
For the association of Syk tandem SH2 with the entire dp-ITAM peptide (ITP), the 
interaction must involve multiple states based on the results from the tSH2/IHP 
complexes. As shown in Figure 3.8, there are ten possible states for the equilibrium 





1:1 mono-functional complex states after the first inter-molecular binding step (NNC, 
NCC, NCN, and NCC, with only one domain bound to a pYXX(L/I) cassette of a ITP 
molecule), four 2:1 complex states after the second inter-molecular binding step (NNCN, 
NCCN, NNCC, and NCCC, with each domain bound to a pYXX(L/I) cassette of a different ITP 
molecule), and the 1:1 bi-functional complex N’C’ if the second step is an intra-
molecular binding step (both domains bound to the two pYXX(L/I) cassettes on the same 
ITP molecule in the head-to-tail fashion; see Figure 1.1).  
Based on the determined affinities for a single-SH2 domain binding with a single 
pYXX(L/I) cassette (Table 4.1) and the reported apparent dissociation constants for tSH2 
interacting with ITP (20–25, 29), it can be found that the major product is NCN after the 
first binding step and N’C’ after the second binding step. Thus the 10-state model can be 
reduced to a simpler 3-state model (Figure 3.9): a tSH2 molecule first associates with the 
N-terminal pYXX(L/I) cassette of ITP through an inter-molecular binding process with its 
(C)SH2 domain, then the (N)SH2 domain binds with the C-terminal pYXX(L/I) cassette of 
the same ITP molecule through an intra-molecular binding process. 
For the titration of tSH2 constructs with ITP, resonances in the NMR spectra 
showed generally slow or slow-intermediate exchange behavior, which is an indication 
of high binding affinities. There are two types of residues in the tSH2 / ITP complexes 
according to their chemical shift perturbations (CSPs) during titration: type I residues 
with large CSPs and type II residues with small CSPs. Type I residues have strong slow-
intermediate exchange features and dual peak centers in the intermediate titration 
points (Figure 4.5 A) while type II residues may look like fast-intermediate exchange 
residues but the peak centers no longer represent the fraction bound (although they 
show only one peak center throughout the titration process, the plot of peak center 
positions displays strong sigmoidal feature due to intermediate exchange) (Figure 4.5 








Figure 4.5 Representative NMR titration data and the line-shape analysis for ITP complexes showing the 
slower-exchange behavior than that of IHP complexes.  
(A) Overlaid HSQC spectra for tSH2FX (0.3 mM) titration with ITP. Increasing [ITP] corresponds to color 
changes from red, orange, yellow, green, cyan, blue, to purple. A zoomed region with G210, which has 
relatively large CSP, is shown as an example. The arrow indicates the direction of change during the 
titration process.  
(B) Line-shape analysis for a slow-intermediate exchange residue, G210, in tSH2FX plus ITP. Dotted lines: 
raw line-shape data. Solid lines: predicted line-shape with the 3-state model (Red: the first titration point 
with no ligand. Purple: the last titration point with high concentration of ligand).  
(C) Similar overlaid HSQC spectra for tSH2PM (0.3 mM) titration with ITP showing G71, which has small CSP.  
(D) Line-shape analysis for G71 in tSH2PM plus ITP with the 3-state model. Note that there is no significant 
line broadening due to the small CSP; however the apparent exchange rates are comparable to the 
difference in frequency such that exchange is in the intermediate regime.  
(E) Plot of the standardized CSP vs. [Ltotal] for the intermediate-exchange residue, G71, in tSH2PM plus ITP. 
Circles: raw data. Line: predicted values with the 3-state model. Note the sigmoidal behavior due to 
intermediate exchange. Many residues in the ITP complexes showed this intermediate or slow-
intermediate exchange behavior which prevents the titration-curve analysis because the shifts of peak 







The line-shape analysis for the tSH2 / ITP complexes was performed using both 
the 3-state and 10-state models. Due to the large amount of parameters (Figure 3.8), 
binding constants of the inter-molecular binding steps were fixed using the values from 
the IHP complexes (Table 4.1, constants from line-shape analysis), assuming that the 
inter-molecular binding of a single SH2 domain with a single pYXX(L/I) cassette is the 
same in ITP. Fittings with both models gave equally good agreement with the 
experimental line shape (Figure 4.5 B&D), resulting in similar values for the dissociation 
constants of the intra-molecular binding steps (K'N and/or K'C) (Table 4.2), and 
reproduced the sigmoidal features of type II residues (Figure 4.5E). 
In the 3-state model (Figure 3.9), the dissociation constants of the intra-
molecular binding step of (N)SH2 to the second pYXX(L/I) cassette, K'N, is determined as 
<< 5 ×10-3, (38 ± 8) ×10-3, and (120 ± 20) ×10-3 for tSH2, tSH2PM, and tSH2FX, respectively. 
Thus the equilibrium in the direction of bifunctional binding is more than 8-fold stronger 
for the unphosphorylated Syk tSH2 than the phosphorylated form and tSH2PM is only a 
little stronger than tSH2FX (~ 3-fold stronger, p < 0.05 based on two-sided t-test). 
Meanwhile, the overall apparent binding affinity (KApp = KCN × K'N) based on the 3-state 
model is << 0.3, 3.2 ± 0.7, and 6.1 ± 1.3 µM for tSH2, tSH2PM, and tSH2FX, respectively, 
suggesting more than 10-fold decrease of the overall affinity of Syk tSH2 after 
phosphorylation and slight but further decreased affinity of tSH2FX comparing with 
tSH2PM (~ 2-fold decrease, p < 0.05 based on two-sided t-test). However, both tSH2PM 
and tSH2FX still have higher affinity than any monofunctional binding (Table 4.1), so both 
SH2 domains are involved in their association with dp-ITAM. Noteworthy, the K'N and 
KApp values of tSH2 / ITP are estimated to be lower (~ 0.001 and 30 nM) based on 
apparent Kd values from other methods(20–25). This is likely due to the detection limit 
of NMR method, which is typical for bindings with micromolar or higher affinities.  
The 10-state model provides similar K'N and K
App values as the 3-state model 
(Table 4.2), suggesting the competence of both models. Moreover, the 10-state model 
gives one more parameters than the 3-state model, K'C [dissociation constant for the 





which changes similarly in folds as K'N, showing again the effect of linker status on Syk 
tSH2 interaction with dp-ITAM.  
 
 
Table 4.2 Intra-molecular binding constants and apparent equilibrium dissociation constants determined 
for ITP complexes of tSH2, tSH2PM and tSH2FX 
Complex 
3-state model 10-state model 
K'N (10
-3) KApp (µM)a K'N (10
-3) K'C (10
-3)b KApp (µM)c 
tSH2 / ITP << 5 << 0.3 << 4 << 0.7 << 0.3 
tSH2PM / ITP 38 ± 8 3.2 ± 0.7 32 ± 10 4.4 ± 1.6 2.7 ± 0.8 




 = KCN × K'N.  
b
 K'C = KCN × K'N / KNC.  
c KApp = KCN × K'N = KNC × K'C.  
See Table 4.1 for the values of KCN and KNC determined from IHP complexes (line-shape analysis). Data are 






With the fitted binding constants, the continuous change of the concentration of 
each species in both models was simulated for each tSH2 / ITP complex. For the 3-state 
model (see Figure 4.6), concentrations of both the intermediate 1:1 mono-functional 
complex (NCN) and the final 1:1 bi-functional complex (N’C’) increase as the ligand 
concentration increases, and ratio of [NCN]:[ N’C’] remains the same (equals to K'N) due 
to the first-order reaction nature of the inter-molecular binding step. tSH2FX binding ITP 
shows higher concentration of the intermediate state than the other two proteins due to 
its higher value of K'N.  
In comparison, the 10-state model behaves similarly as the 3-state model at low 
ligand concentrations (< ~450 µM; see Figure 4.7); however, as the ligand concentration 
increases, the formation of the 2:1 complex becomes more and more favorable, 
especially in tSH2FX / ITP again due to the its higher value of K'N. These results suggest 
that the 10-state model may be more realistic than the 3-state model at high ligand 
concentrations, as Syk was in deed reported to form 2:1 complexes with CLEC-2 
receptors containing single pYXX(I/L) cassettes (60). 
Nonetheless, off-rate value of the intra-molecular binding step could not be 
determined for the three ITP complexes due to lack of direct observable signal of the 
intermediate state, as shown by the poor convergence of this parameter. As might be 
expected, the intermediate states for tSH2 constructs binding with dp-ITAM do not have 
chemical shifts distinct from the final bound species based on the fact that all of the 
resonances have linear titration patterns (61). This inability to directly observe the 







Figure 4.6 The simulated change of concentration of each species for the three tSH2 constructs binding 
with ITP in the 3-state binding model.  
[Ptotal] is 0.3 mM similar as that for NMR experiments. For each complex, the curves were simulated using 
the fitted intra-molecular isomerization constant (K'N) from the 3-state model (see Table 4.2) and the 
corresponding inter-molecular dissociation constant (KCN) from the N-IHP complexes (see Table 4.1; the KC 







Figure 4.7 The simulated change of concentration of each species for the tSH2 constructs binding with ITP 
in the 10-state binding model, with two ranges of the [Ltotal]/[Ptotal] ratio for each construct.  
[Ptotal] is 0.3 mM similar as that for NMR experiments. For each construct, the curves were simulated using 
the fitted intra-molecular isomerization constant (K'N) from the 10-state model (see Table 4.2) and the 
corresponding inter-molecular dissociation constants (KNN, KNC, KCN, and KCC) from the IHP complexes (see 







The NMR titration-curve and line-shape analyses for fast/fast-intermediate 
residues in the tSH2/IHP complexes give similar results for fitting the equilibrium binding 
constants. This agreement allows us to exploit the residue level information from NMR 
for investigating the allosteric mechanism of Syk tSH2 regulation by decomposing the 
bifunctional binding into components, even when the binding is too high in affinity to be 
in the strict fast exchange regime. A comprehensive set of affinities of both IHPs and ITP 
binding with the three forms of Syk tSH2 were determined, in a range from 0.3 µM to 
1.3 mM. 
The results of IHP complexes show that the single SH2 association of Syk is 
unusually low in affinity compared to other SH2 domains (57, 62), with (C)SH2 having 
higher affinity than (N)SH2. This is consistent with fact that the initial phosphorylation of 
ITAM is on the N-terminal pYXX(L/I) cassette but not on the C-terminal one by Src-family 
kinase Lyn in B cells (1), suggesting that the first step of Syk association with membrane 
receptors is through its (C)SH2 domain. 
The intra-molecular step and overall apparent binding affinities of the three Syk 
tSH2 constructs association with ITP were successfully determined with the help of the 
binding constants from the IHP complexes. With the negative charge introduced in linker 
A, Y130 phosphorylation reduces the overall apparent binding affinity by >10-fold, from 
< 0.3 µM to ~3 µM, but does not lower it to that of a single SH2 domain of Syk (> 50 
µM). Thus the allosteric mechanism is not to enforce a single pYXX(L/I)-SH2 association 
and prevent the bifunctional binding of both pYXX(L/I) cassettes of dp-ITAM, but to 
lower the affinity by some other mechanism. 
For the unphosphorylated Syk tSH2, the binding of a full-length dp-ITAM peptide 
nearly equals the sum of bindings of the two half peptides (in terms of free energy 






That tSH2PM has slightly higher affinity than tSH2FX is consistent with the 
relaxation data which indicate that tSH2FX linker is more flexible. The more flexible linker 
and different conformational ensemble of tSH2FX may cost either more energy to bring 






CHAPTER 5. THE INSIGNIFICANT EFFECT OF LINKER STATUS ON SH2-DOMAIN 
STRUCTURES AND SH2-ITAM INTERACTIONS  
5.1 Background 
5.1.1 Possible Models for the Increased Energy Barrier of the Isomerization Step 
To investigate the mechanism of the increased energy barrier of the second step 
intra-molecular binding (isomerization) after Y130 phosphorylation, several models have 
been proposed in terms of enthalpy or entropy (Figure 5.1).  
Firstly, there may be a structure change in the (N)SH2 binding site to decrease 
the affinity (Figure 5.1B). As it has been shown that Y130 phosphorylation does not  
change the internal binding affinity of each SH2 domain (63), the structure and affinity 
changes of the second binding site [(N)SH2] may be triggered by the binding of the first 
site [(C)SH2] through the phosphorylated and altered linker. This is essentially an anti-
cooperativity (i.e. negative cooperativity) model as shown by many enzymes and 
receptors (64).  
Secondly, the increased energy barrier can be a result of non-optimal interaction 
between the (N)SH2 domain and the C-terminal pYXX(I/L) cassette of dp-ITAM (Figure 
5.1C). The changed domain-domain orientation and weakened coupling after Y130 
phosphorylation may force the peptide to adopt an alternative binding pose instead of 
the optimal pose, which critically depends on the perfect matching between the two 
pYXX(I/L) cassettes and the two binding sites (12). 
The two mechanisms proposed above are mainly driven by conformational 
change and thus enthalpy. However, the decreased binding affinity can be totally driven 
by entropy without conformational change (65). Entropic allostery (a.k.a. dynamic 





5.1D, Y130 phosphorylation may simply increase the domain-domain movements 
through the altered linker and thus result in higher entropy penalty (i.e. increased 
energy barrier) for the isomerization step. 
 
 
Figure 5.1 Proposed models for Syk tSH2 interaction with dp-ITAM.  
(A) The 3-state equilibrium binding model for Syk tSH2.  
(B-D) Models of different mechanisms for the increased energy barrier of the second intra-molecular 
binding step (isomerization; indicated by the asterisk) after Y130 phosphorylation.  
B:  Anti-cooperativity model, in which the first step of inter-molecular binding triggers the structure 
change in the second binding site through the altered linker.  
C: Alternative-binding model, in which the dp-ITAM peptide adopts a different pose as a result of the 
changed domain-domain orientation.  
D: Entropic-allostery model, in which Y130 phosphorylation increases the domain-domain motion and 
thus the entropy penalty for the isomerization step. 
 
 
5.1.2 Test the Enthalpy-driven Models by Chemical-shift-based Structural Comparisons 
In this chapter, the enthalpy-driven models involving structural changes are firstly 
tested. To test these models, a series of NMR experiments were performed. Analyses of 





not significantly change the ligand-free or ITP–bound structure of the SH2 domains or 
the SH2-ITAM interactions.  
 
5.2 Materials and Methods 
The tSH2 proteins were expressed and purified as described in section 2.2.1. The 
protein and peptide NMR samples were prepared as described in section 4.2.1. The 
experimental procedure was similar as the NMR titration experiments described in 
section 4.2.2. 
NMR data were collected on a Bruker Avance-III-800 equipped with a 5 mm TXI 
Z-gradient probe at 298 K. A protein sample was sequentially mixed with the aliquoted 
and lyophilized peptide until >95% saturation, and the chemical shifts were monitored 
by 2D 15N1H TROSY HSQC experiments with 2048 points in the 1H dimension and 256 
points in the 15N dimension. All NMR experiments were performed at least two times. 
The raw NMR spectra were processed by NMRPipe (43) and visualized by SPARKY 
3.113 (T. D. Goddard and D. G. Kneller, University of California, San Francisco, CA). Peaks 
were assigned as described in section 4.2.3. The peak information was exported to data 
files; then the data were processed and visualized with R (56). The views of structures 
were generated with PYMOL (17). The CSP value for each residue between the ligand-
free and ITP-bound states was calculated as 
CSP = √[(∆δH)2 + (0.154∆δN)2]/2 
where the coefficients were based on the ratio of the average variances of the amide 
proton and nitrogen chemical shifts observed for the 20 common amino acid residues 
from the deposited information of proteins in the BioMagResBank (69, 70). CSD values 
for each residue between the ligand-free or ITP-bound state in two proteins were 






5.3 Results and Discussion 
5.3.1 Linker Status Does Not Significantly Change SH2-domain Structures  
In the proposed enthalpy-driven models (Figure 5.1 B&C), there are 
conformational changes for the phosphorylated tSH2 relative to the unphosphorylated 
state, in ligand-free and/or ITP-bound conditions. The conformational changes will cause 
changed chemical environments of amide nuclei which can be detected by NMR 
spectroscopy. By comparing the chemical shifts of the amide nuclei of a residue in 
different tSH2 constructs, the residues affected by conformational changes, if any, can 
be identified. 
The chemical shift differences (Δδ) for amide nuclei in tSH2PM and tSH2FX relative 
to tSH2 in the ligand-free or ITP-bound state are shown in Figure 5.2. It is obvious that 
for all four pairs, the distribution of Δδ values of both amide 1HN and 15N dimensions are 
approximately normal and centered around 0; most residues showed small Δδ values, 
ranging from -0.1 to 0.1 ppm for 1HN dimension and from -0.5 to 0.5 ppm for 15N 
dimension. In contrast, a 10-pm change of a hydrogen bond could lead to a proton Δδ 
value of the order of 0.5 ppm (71, 72); the Δδ value is up to 0.8 ppm for 1HN and 1.5 
ppm for 15N in a fairly typical example of protein-protein interactions (73, 74). These 
distributions and the small Δδ values suggest that the SH2 domain structures are not 
significantly affected by the status of interdomain A in both the ligand-free and ITP-
bound states. 
The residues showing high Δδ values (beyond 2σ from the mean of each 
dimension, i.e. top ~5%) are carefully examined for all four pairs. For tSH2PM versus tSH2 
in the ligand-free state (Figure 5.2A), residues with the highest Δδ values are located in 
the flexible regions along the interface of SH2 domains. This observation is consistent 
with the previously reported changes in domain-domain orientation and coupling which 
may affect residues along the interface (29). For tSH2FX versus tSH2 in the ligand-free 
state (Figure 5.2B), the high-Δδ residues are not only these along the interface but also 





the linker in tSH2FX are more flexible than that in tSH2PM and thus more domain-domain 
motions are expected, as suggested by the shorter rotational correlation time (see 
section 2.3.2). These data suggest that the phosphorylated IA increases in flexibility and 
thus promotes the domain-domain motion; however, the extent may not be as much as 
a totally disrupted linker. This is in line with the previously reported NMR relaxation data 
(see section 2.3.2). 
Interestingly, the difference between tSH2PM and tSH2 is much smaller in the ITP-
bound state than in the ligand-free state as shown by the narrower distributions of Δδ 
values for tSH2PM/ITP versus tSH2/ITP (Figure 5.2 A&C). This change in difference is not 
due to the smaller population of residues available for the bound states, because the 
distributions of the in-common residues showed similar change (see Figure 5.3). In 
contrast, the difference between tSH2FX and tSH2 in the ligand-free state is largely 
preserved in the ITP-bound state (Figure 5.2 B&D), as shown by the similar distributions 
of Δδ values and locations of high-Δδ residues. The diminished differences between 
tSH2PM and tSH2 (but not tSH2FX and tSH2) in the ITP-bound state imply that the IA 











Figure 5.2 Chemical shift difference (Δδ) for Syk tSH2PM and tSH2FX comparing with tSH2. 
(A) Difference between tSH2PM and tSH2 in the ligand-free state.  
(B) Difference between tSH2FX and tSH2 in the ligand-free state.  
(C) Difference between tSH2PM and tSH2 in the ITP-bound state.  
(D) Difference between tSH2FX and tSH2 in the ITP-bound state.  
For each pair, the Δδ values of both amide 1HN and 15N dimensions are plotted for residues in the two SH2 
domains (n denotes the total number of residues plotted for the indicated pair). The marginal distribution 
of each dimension is plotted as histograms along the indicated dimension (bin size: 0.01 ppm for 1HN and 
0.05 ppm for 
15
N). Residues beyond 2σ from the mean of 
1
HN (Green) or 
15
N (Blue) or both (Red) 
dimension(s) are colored and labeled; residues within 2σ from the mean of each dimension are shown in 
gray; all plotted residues are mapped onto the crystal structure in the same color. In the crystal structure 
(PDB ID 1A81 Chain A or A&B), the tandem SH2 domains are represented by white ribbons and the ITP 
peptide is shown as light-blue sticks; binding sites are indicated by the light-blue spheres which represent 




Figure 5.3 Distributions of chemical shift differences (Δδ) between tSH2PM and tSH2 in the ligand-free and 
ITP-bound states using the same set of residues (the 96 in-common residues only).  
The difference between tSH2PM and tSH2 is smaller in the ITP-bound state than in the ligand-free state, as 







5.3.2 Linker Status Does Not Significantly Change SH2-ITAM Interactions 
Another aspect to inspect the proposed enthalpy-driven models (Figure 5.1 B-C) 
is to compare how a peptide perturbs SH2-domain residues in different tSH2 construct 
during the binding process. Chemical shift perturbation (CSP) is a measurement of the 
extent to which a residue is perturbed when a protein binds to a ligand. Perturbation 
profiles of different amide nuclei can serve as fingerprints for binding poses and 
interactions between the protein and the ligand (71, 73, 75). 
The amide CSP profiles for the three tSH2 constructs (tSH2, tSH2PM, and tSH2FX) 
binding with the ITP (for the sequential and bifunctional binding) and IHP (for the 
independent binding of each domain) peptides are investigated. Interestingly, the nine 
complexes showed similar CSP profiles; the CSP profile of tSH2 binding with ITP is shown 
as an example in Figure 5.4. The CSP values range from near 0 to ~0.5 ppm for different 
residues. Half residues have a CSP value < 0.038 ppm while 90% residues have a CSP 
value < 0.151 ppm (Figure 5.4 A&B). Residues are divided into three groups with the 50th 
and 90th percentile cut-offs and mapped on the crystal structure (Figure 5.4C). Residues 
in group I (CSP > 0.151 ppm) are from the following secondary structure elements: the 
EF (I75, G77, G78, S226, G230) and BG (G97, L102, G249) loops gating the specificity 
pockets; the αA helices (E25, S177) and βD sheets (Y63, H214) in close proximity to the 
binding sites. This result is not unexpected, as both specificity pockets and binding 
pockets are important for SH2 domain interactions with dp-ITAM. Similar CSP patterns 
were also seen in other SH2 domains, such as Src SH2 and Vav SH2 (76–78). Meanwhile, 
it is noteworthy that the highest CSP values (0.3–0.5 ppm) are mostly from the glycine 
residues (G77, G78, G97, G230, G249) gating the specificity pockets but not those close 
to the binding sites. These glycine residues are also highly conserved across the different 
Syk variants from various species (see Figure 1.2); they may play an essential role in the 
SH2 binding processes.  
The CSP differences (ΔCSP) for different tSH2 constructs binding with the same 





(ITP, N-IHP, or C-IHP), the ΔCSP of SH2 domain residues are all small for tSH2PM or tSH2FX 
relative to tSH2. All distributions of these ΔCSP values are approximately normal and 
centered at zero, and smaller than 0.1 ppm in magnitude in all cases. These data suggest 
that the binding pose and interactions of ITP or IHP peptides are the same with all three 







Figure 5.4 Chemical shift perturbation (CSP) profile of Syk tSH2 binding with ITP.  
The CSP value for each residue between the ligand-free and ITP-bound states was calculated as described 
in Methods. Residues are categorized into three groups; I: above the 90th percentile (CSP ≥ 0.151 ppm), II: 
between the 50th and 90th percentile (0.038 ≤ CSP < 0.151 ppm), and III: below the 50th percentile (CSP < 





percentile cutoffs. (B) Histogram plot for the CSP values. Bin size 0.01 ppm. Dotted lines indicate the 50th 
and 90
th
 percentile cutoffs. (C) The tSH2/ITP crystal structure (drawn in the same way as Figure 5.2) with 
mapped CSP values. Red: group I residues. Green: group II residues. Blue: group III residues. Residues in 







Figure 5.5 Histogram plots for CSP differences (ΔCSP) of SH2 domain residues in different tSH2 constructs 
binding with the same peptide. 
 
5.4 Conclusion 
The isomerization step to form the bifunctional complex between tSH2 and ITAM 
has increased energy barrier after Y130 phosphorylation. To investigate the mechanism 
for this change, several enthalpy- or entropy-driven models were proposed. In this 
chapter, the enthalpy-driven models involving structure changes in either the (N)SH2 
binding domain or the docking pose of dp-ITAM peptide to the complex are tested by 
analyzing the chemical shifts information for the ligand-free and ITAM-bound states of 
the three tSH2 constructs. CSD data suggest that the linker status does not cause 
significant change in SH2 domains structures in either ligand-free or ITAM-bound states. 
CSP data showed that the Syk tSH2-ITAM interactions resemble other SH2-
phosphotyrosine interactions.  ΔCSP data indicate that the linker status does not change 
the tSH2-ITAM interactions. Together, these results show that the increased energy 
barrier of the isomerization step after Y130 phosphorylation is unlikely through an 





CHAPTER 6. THE ENTROPIC NATURE OF THE ALLOSTERIC REGULATION OF SYK TSH2 
BINDING WITH ITAM REVEALED BY ISOTHERMAL TITRATION CALORIMETRY (ITC) 
6.1 Background 
It has been shown so far that the linker status does not significantly change 
either the SH2-domain structures in the ligand-free and ITP-bound states or the binding 
poses and the interactions of ITP and IHP peptides with the SH2 domains. Thus the 
enthalpy-driven models for the increased energy barrier of the isomerization step after 
Y130 phosphorylation are not favored by these data. The entropic-allostery model 
(Figure 5.1D) is thus of more interest. 
In this chapter, ITC (isothermal titration calorimetry) experiments are used to test 
the entropic-dynamics model. Analyses of thermodynamics parameters of various tSH2 
complexes suggest that entropic allostery may be the mechanism for the increased 
energy barrier of the isomerization step after Y130 phosphorylation. 
 
6.2 Materials and Methods 
6.2.1 Prepare ITC Samples 
The tSH2 and N-SH2 proteins were expressed and purified as described in section 
2.2.1.  The isolated C-SH2 was following the same procedures as the tSH2 constructs, 
except that cDNA of the isolated C-SH2 only codes for His 162 to Gln 264. 
After purification, the proteins were firstly concentrated to 0.8–1.0 mM with an 
Amicon Ultra-15 Centrifugal Filter Unit (Millipore), and then dialyzed extensively (2-3 h 
for the 1st time; ~6 h for the 2nd time; and overnight for the 3rd time) against 0.5 L of ITC 





Float-A-Lyzer® G2 (Spectra/Por®; 8-10 or 3.5-5 kD; 1 mL) according to manufacturer’s 
instructions. The protein concentration of N-SH2 was determined by a Bradford assay kit 
(Thermo Scientific) due to the lack of tryptophan residues; the concentration of the 
other constructs was estimated from UV absorbance at 280 nm with the extinction 
coefficients calculated by ExPASy ProtParam (42) (tSH2: 34380, tSH2PM: 32890, tSH2FX: 
27390, C-SH2: 16960 M−1 cm−1). The purity of samples was > 95% based on SDS/PAGE 
analysis. The protein samples were 0.02–0.20 mM for the ITC experiments. 
The peptides were dissolved in pure water and the pH was adjusted to 7. The 
peptides were extensively dialyzed (2-3 h for the 1st time; ~6 h for the 2nd time; and 
overnight for the 3rd time) against 0.5 L of ITC buffer at 4 °C with a Micro Float-A-Lyzer® 
(Spectra/Por®; 0.1-0.5 kD; 100-200 µL) according to manufacturer’s instructions, 
measured for the concentrations, and stored at 4 °C before use. The concentrations of 
peptides were estimated based on UV absorbance at 267 nm with the extinction 
coefficients from the literature (ITP: 1304, IHPs: 652 M−1 cm−1) (22). 
 
6.2.2 Perform ITC Experiments 
 ITC experiments were performed using a MicroCal iTC200 (Malvern Instruments). 
A protein sample was loaded into the cell while a peptide sample was loaded into the 
syringe. The tested binding systems have estimated Kd values in a diverse range as 
shown by the NMR titration experiments (sub-micromolar or micromolars for the tSH2 
constructs, and tens or hundreds of micromolars for the isolated SH2 domains). The 
concentrations of protein samples were carefully selected so that the c values were 
between 1 and 1000 (preferentially between 10 and 500 when possible) to have the 
optimal curve fittings (79, 80) (e.g. 0.02 mM for tSH2, 0.05 mM for tSH2PM, 0.10 mM for 
tSH2FX, and 0.10-0.20 mM for the isolated SH2 domains). The final molar ratio of peptide 
versus protein was between 2 and 12 depending on the estimated binding affinity so 
that the titration curve could reach close enough to the saturation state. The number of 





region of the titration curve. All ITC experiments were independently performed at least 
two times. 
 
6.2.3 Analyze ITC Data with Different Packages 
 The raw ITC data were initially inspected with the Origin-based program ITC200 
that came with the instrument. The data were then processed with the MATLAB-based 
program NITPIC for high-precision peak-shape analysis and then fitted with SEDPHAT to 
an apparent two-state binding model (81, 82). Examples for ITC200 versus SEDPHAT 
fittings are shown in Figure 6.1 and Figure 6.2. NITPIC/SEDPHAT gives better fitting 
quality due to the high-precision peak-shape analysis. Parameters of the isomerization 


















6.3 Results and Discussion 
6.3.1 Binding Models and Thermodynamic Parameters for tSH2-ITAM Interactions 
To further test the models in terms of thermodynamics, the interactions between 
tSH2 constructs with ITP peptide were investigated by ITC (isothermal titration 
calorimetry) experiments; these interactions were predicted to have an apparent pseudo 
2-state binding behavior (Figure 6.3). 
In the 3-state model for tSH2 constructs (Figure 6.3A), a free tSH2 protein (NC) 
first binds inter-molecularly with the N-terminal pYXX(I/L) cassette of dp-ITAM through 
the (C)SH2 domain to form the monofunctional complex, NCN; second, the (N)SH2 
domain binds intra-molecularly with the C-terminal pYXX(I/L) cassette through 
isomerization to form the bifunctional complex, N′C′. KCN and K'N are the equilibrium 
dissociation constants for the inter-molecular binding and intra-molecular binding 











𝑜 are the enthalpy changes for the formation of NCN from NC and N′C′ from 
NCN, respectively; ∆S1
𝑜 and ∆S2
𝑜 are the corresponding entropy changes for the two 
steps, respectively.  
However, due to the isomerization nature, the second binding step lacks 
dependency on ligand concentration; so the monofunctional complex, NCN, and the 
bifunctional complex, N′C′, form simultaneously with a constant ratio (K'N : 1). Unlike 
NMR method which has a residue-level resolution, ITC is unable to discriminate the 
formation of NCN and N′C′ in this situation; so the observed signal of ITC will behave 
following a pseudo 2-state binding model (Figure 6.3B), in which the bound state is 
actually a mix of NCN and N′C′ and the stoichiometry is unity. In the pseudo 2-state 









Meanwhile, the apparent enthalpy change for the formation of the bound state in the 












Similarly, the corresponding apparent entropy change for the formation of the bound 












The ITC data for tSH2PM binding ITP is shown in Figure 6.4 as an example. As predicted, 
the ITC titration curve shows only one apparent binding process with a stoichiometry 




Figure 6.3 The 3-state (A) and apparent pseudo 2-state (B) binding models for the interactions between 







Figure 6.4 Representative data for ITC experiments.  
Shown is tSH2PM (0.05 mM) binding with ITP. (A) Raw data. (B) The integrated heat, fitted curve, and 
residuals determined with NITPIC and SEDPHAT.  
 
 
6.3.2 The Apparent Binding Constants from ITC Is Consistent with NMR Data 
The apparent equilibrium dissociation constants were fitted for each binding. 
Isolated SH2 domains binding with IHP peptides were tested as internal references. As 
shown in Table 6.1, the tSH2 constructs show high affinities (KApp is 27 ± 7 nM for tSH2, 





isolated SH2 domains show much lower affinities in binding with IHPs (KApp ranges from 
24 ± 3 to 190 ± 20 μM). C-SH2 binding with N-IHP has the highest affinity among all 
single-domain bindings; C-SH2 binding with C-IHP and N-SH2 binding with C-IHP have 
the intermediate and similar affinities, which are 4-6 fold lower than C-SH2 plus N-IHP; 
N-SH2 binding with N-IHP has the lowest affinity which is about two fold lower than C-
SH2 plus C-IHP or N-SH2 plus C-IHP. In line with the conclusions from NMR analysis (see 
section 4.3), these data indicate that the binding between tSH2 and dp-ITAM is still 
bifunctional after Y130 phosphorylation because the binding affinity of tSH2PM with ITP 
is significantly higher (> 10-fold) than any of the single-domain bindings; Meanwhile, the 
first step of tSH2 interaction with dp-ITAM is likely through the C-terminal SH2 domain 
interaction with the N-terminal pYXX(I/L) cassette which has the highest affinity among 
all of the single-domain bindings. Comparing with the reported binding affinities from 
NMR analysis (see section 4.3), these apparent Kd values are systematically lower by 2-3 
fold while the relative relationships are the same; this difference may be caused by the 
lower ionic strength of ITC buffer (0.10 M for ITC buffer; 0.13 M for NMR buffer), which 
is consistent with the reported role of electrostatic interactions in SH2 domain 
recognition (22). 
The apparent enthalpy and entropy changes were also determined for all 
interactions (Table 6.1). Interestingly, the enthalpy changes of the three tSH2 constructs 
in binding with ITP are very close to each other (-15 ± 1, -16 ± 1, and -16 ± 1 kcal/mol, 
respectively) and  the sum of the corresponding head-to-tail single-domain bindings (N-





changes are different (-15 ± 1, -26 ± 1, and -28 ± 1 cal/mol/deg, respectively). Compared 
with tSH2, both tSH2PM and tSH2FX show significantly higher entropy penalty in binding 
with ITP. These data suggest that entropy change may be the major cause of the 
decreased binding affinity of Syk tSH2 with dp-ITAM after Y130 phosphorylation. 
 
 










tSH2 ITP 0.027 ± 0.007 -15 ± 1 -4.6 ± 0.2 -15 ± 1 
tSH2PM ITP 1.4 ± 0.1 -16 ± 1 -7.8 ± 0.2 -26 ± 1 
tSH2FX ITP 1.6 ± 0.1 -16 ± 1 -8.3 ± 0.1 -28 ± 1 
N-SH2a N-IHP 190 ± 20 -2.5 ± 0.1 2.6 ± 0.2 8.6 ± 0.6 
N-SH2a C-IHP 130 ± 10 -6.5 ± 0.4 -1.2 ± 0.4 -3.9 ± 1.4 
C-SH2b N-IHP 24 ± 3 -5.8 ± 0.5 0.50 ± 0.43 1.7 ± 1.4 
C-SH2b C-IHP 100 ± 30 -7.3 ± 0.9 -1.8 ± 1.1 -6.1 ± 3.5 
a Isolated N-terminal SH2 domain of Syk.  
b Isolated C-terminal SH2 domain of Syk. 
All ITC tests were performed at 25 °C and 1 atm. Data are shown as mean ± SD of the fitted values from at 
least two independent experiments; see Methods for details. The stoichiometry numbers are between 0.9 
and 1.1 for all tests. The shown parameters are either for the pseudo 2-state binding of tSH2 constructs, 






6.3.3 Entropy Dominates the Isomerization Step of Syk tSH2 Binding with ITAM 
The thermodynamics parameters for the isomerization step of tSH2 interactions 
with ITP peptide in the 3-state model (Figure 6.3) were calculated specifically. If KApp and 
KCN are known, the equilibrium isomerization constant, K'N, can be calculated from 






𝑜, and K'N are known, ∆H2
𝑜 can be calculated from equation (6.4) as 
ΔH2
o = (ΔHo − ΔH1
o) KN
′  − ΔH1
o + ΔHo (6.7) 
Similarly, 
ΔS2
o = (ΔSo − ΔS1
o) 𝐾𝑁
′  − ΔS1
o + ΔSo (6.8) 
Parameters for the first binding step (KCN, ∆H1
𝑜, and ΔS1
o) is assumed to be similar for all 
three tSH2 constructs, as well as the isolated C-SH2 binding with N-IHP; it is because the 
previous NMR experiments show that the internal binding affinity of each SH2 domain 
with a pYXX(I/L) cassette is not affected by the linker status (see section 4.3.1). As shown 
in Table 6.2, the isomerization step towards the bifunctional complex is significantly 
more favored for tSH2 than tSH2PM and tSH2FX [K'N is (1.2 ± 0.3) × 10
-3, (61 ± 8) × 10-3, 
and (73 ± 9) × 10-3 for tSH2, tSH2PM, and tSH2FX, respectively]. The increased energy 
barrier of the isomerization step for tSH2PM and tSH2FX is due to entropy (-17 ± 2, -30 ± 
2, and -32 ± 1 cal/mol/deg, respectively), but not enthalpy (same within error limits). 
The simulated changes of the concentrations of each species during ITC tests for 
tSH2 constructs binding with ITP using the 3-state binding model are shown in Figure 
6.5. The curves behave similarly as those simulated with the binding constants 






Table 6.2 Thermodynamics parameters calculated specifically for the isomerization step of tSH2 













tSH2 ITP 1.2  ± 0.3 -9.1 ± 0.6 -5.1 ± 0.5 -17 ± 2 
tSH2PM ITP 61 ± 8 -11 ± 1 -8.9 ± 0.5 -30 ± 2 








Figure 6.5 The simulated changes of concentration of each species during ITC tests for tSH2 constructs 
binding with ITP using the 3-state binding model.  
The total protein concentration is 20, 50, and 100 µM for tSH2, tSH2PM, and tSH2FX, respectively. The 
equilibrium dissociation constant, KCN, is assumed to be similar as that for the isolated C-SH2 binding N-







Isothermal titration calorimetry (ITC) experiments were performed to test the 
entropic-dynamics model. Analyses of thermodynamics parameters of various tSH2 and 
single-SH2 complexes suggest that entropy dominates the isomerization process in tSH2-
ITAM interactions, and thus entropic allostery may be the mechanism for the increased 







CHAPTER 7. FUTURE DIRECTIONS 
7.1 Explore the Domain-domain Distance of Syk tSH2 Domains by NMR PRE Test 
7.1.1 Background 
 Previous studies in our lab show that the flexibility of interdomain A is increased 
and the two SH2 domains are decoupled after Y130 is phosphorylated (29). However, 
the detailed domain-domain distance in various conditions (before/after 
phosphorylation, free/bound state) is still unknown.  NMR PRE (Paramagnetic Relaxation 
Enhancement) experiments can be used to obtain the detailed domain-domain distance 
information for tSH2 in these different conditions. 
 
7.1.2 Preliminary Results 
 In order to study the distance between the two SH2 domains of tSH2 constructs, 
mutants based on Syk tSH2 and tSH2PM need to be generated; the mutants should have 
the four native cysteins (C88, C100, C205, and C258) replaced with other residues and 
contain only one cystein residue at the site selected for paramagnetic spin labeling (83). 
Distance between the paramagnetic spin label (e.g. MTSL) (84) and other residues of the 
protein can be determined from the increased R2 relaxation rates by NMR (85).  
 Several candidate mutants were generated in our lab (by Ms. Nina Gorenstein). 
For example, tSH2 and tSH2PM based mutants with C88I, C100S, C205S, C258A, and D26C 
were generated and expressed in E. coli. These mutants can fold properly in solution as 
determined by NMR 1H-15N TROSY HSQC experiments (see example in Figure 7.1). 
 However, comparing with tSH2 or tSH2PM, the stability of these mutants is not 





a tendency to form aggregations at high concentrations (e.g. 0.5-1 mM). To further 
improve their stability and to determine alternative sites for spin labeling, 77 sequences 
of Syk from different species were compared by bioinformatics tools (see section 1.2.2); 
potential residues to replace the native cysteins and potential sites to introduce the new 
cystein for labeling were identified. As shown in Table 7.1 and Table 7.2, C88I, C100S or 
C100T, C205G, and C258S may be the good choices to remove the native cysteins. Also, 
G31, A60 or S95 may be the good places to introduce a new cystein for spin labeling 








N TROSY HSQC spectra for a tSH2-based PRE mutant in comparison to tSH2. 
Red: the tSH2-based PRE mutant with C88I, C100S, C205S, C258A, and D26C. Blue: tSH2. The spectra show 
that the mutant can fold properly in solution. Both spectra were acquired at 298 K for protein samples in 
the following buffer: 50 mM potassium phosphate buffer, pH 6.8, 50 mM KCl, 5 mM DTT, 5 mM TCEP, 






Table 7.1 Variations for the four cysteins of Syk tSH2 in 77 species.  
Res# 
Percentage of probability of each type 
#Types 
- A C D E F G H I K L M N P Q R S T V W Y 
88 8 0 77 0 0 0 0 0 16 0 0 0 0 0 0 0 0 0 0 0 0 3 
100 6 0 91 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 4 
205 4 0 95 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 
258 8 0 91 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 3 
Frequency of a possible amino acid for each site is shown as well as the total number of possible types 




Table 7.2 Possible sites for introducing a new cystein in Syk tSH2 based on sequence variations of Syk tSH2 
in 77 species.  
Res# 
Percentage of probability of each type 
#Types 
- A C D E F G H I K L M N P Q R S T V W Y 
31 4 9 1 0 1 0 82 0 0 0 0 0 0 0 0 0 1 1 0 0 0 7 
39 4 0 1 0 0 0 0 0 0 0 95 0 0 0 0 0 0 0 0 0 0 3 
60 5 73 4 0 0 8 0 0 0 0 1 0 0 0 0 0 1 0 6 0 1 8 
95 8 5 4 0 0 0 0 0 0 0 6 1 0 12 0 0 58 4 1 0 0 9 
106 4 0 13 0 0 81 0 0 0 0 1 0 0 0 0 0 0 0 0 0 1 5 
131 3 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 96 0 0 3 
237 5 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 94 0 3 
Frequency of a possible amino acid for each site (where a cysteine shows at least once) is shown as well as 






7.1.3 Experiments to Be Done 
 According to the information of residue variability, new tSH2 and tSH2PM based 
mutants for NMR PRE experiments can be generated to improve solubility. For the new 
mutants, NMR 1H-15N TROSY HSQC experiments can be used to inspect their folding, and 
Isothermal Titration Calorimetry (ITC) tests can be performed to check their binding 
ability to CD3-ε dp-ITAM peptide. The mutants with similar structure and binding ability 
as Syk tSH2/tSH2PM can be labeled by paramagnetic spin (e.g. MTSL) (16) at the selected 
site, and distance between the spin label and other residues of the protein can be 
determined based on the increased R2 relaxation rates by NMR (85). 
 If the new mutants cannot work properly, another option is introducing a non-
natural amino acid at the selected site for labeling, while keeping the four native 
cysteins. The non-natural amino acid can bind to paramagnetic ions that can be used for 
PRE experiments (86, 87).  
 It is expected that the domain-domain distance of Syk tSH2PM is significantly 
larger than that of tSH2 in the ligand-free state due to the increased flexibility of 
interdomain A. However, this distance may be similar for both tSH2 and tSH2PM in the 




7.2 Study the Domain-domain Orientation of Syk tSH2 Domains by NMR RDC Test 
7.2.1 Background 
 Previous studies showed that the domain-domain orientation of tSH2 is changed 
after Y130 phosphorylation in the ligand-free state (without dp-ITAM bound) (29). 
However, the domain-domain orientation in the bound state is still not clear. NMR RDC 
(Residual Dipolar Coupling) experiments can be used to obtain the detailed domain-






7.2.2 Experiments to Be Done 
 The domain-domain orientation of Syk tSH2 and tSH2PM in the bound state with 
dp-ITAM needs to be determined. The proteins in bound state can be aligned in 
anisotropic medium (e.g. with Pf1 phage) (29) and NMR RDC experiments can be used to 
measure the residual dipolar coupling constants for each residue in an external magnetic 
field. These information can be analyzed by software PALES (88) to obtain the relative 
domain-domain orientation information for the proteins in bound state.  
 If protein alignment with anisotropic medium fails, an alternative way for 
alignment is to use lanthanide-binding tag (LBT) (89). Protein fusion constructs for tSH2 
and tSH2PM with an N- or C-terminal LBT tag can be expressed. The paramagnetic 
lanthanide ions Tb3+, Dy3+, or Tm3+ can bind to the LBT tag and induce alignment in 
external magnetic fields (89). 
 It is expected that the domain-domain orientation of tSH2PM is similar to tSH2 in 
the bound state due to reorientation induced by dp-ITAM binding. 
 
 
7.3 Investigate Molecular Details of the Entropic-allostery Mechanism by MD 
Simulations 
Molecular dynamics (MD) simulations can be used to study the atomic-level 
details of the entropic-allostery mechanism for changes induced by Y130 
phosphorylation. With initial coordinate and velocity of each atom, the simulated system 
can evolve in time (1-2 fs/frame, up to milliseconds or seconds nowadays) by solving 
Newton’s equations of motion (90). Analyses of the MD trajectories can provide detailed 
information to predict various changes in structures and atomic interactions of the 
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Appendix A Types of Variations for Each Residue of Syk tSH2 in Different Species 
The details are described in section 1.2.2. Residue sites in the summary are 
numbered according to murine Syk tSH2 numbering, which is smaller by 1 than the 
corresponding numbering in human Syk tSH2. 
 


























































































































































































































































































































































































































A.2 Summary of Variations for Each Residue in the 77 Sequences 
Res# 
Percentage of probability of each type 
#Types 
- A C D E F G H I K L M N P Q R S T V W Y X 
8 31 1 0 0 0 0 0 0 0 0 0 0 14 0 0 0 53 0 0 0 0 0 4 
9 10 83 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 5 0 0 0 4 
10 10 0 0 1 0 0 0 0 0 0 0 0 81 0 5 0 3 0 0 0 0 0 5 
11 10 3 0 1 0 0 0 71 0 0 0 0 12 0 0 0 1 1 0 0 0 0 7 
12 6 0 0 0 0 0 0 0 0 0 94 0 0 0 0 0 0 0 0 0 0 0 2 
13 6 0 0 0 0 0 0 0 0 0 1 0 0 82 0 0 0 10 0 0 0 0 4 
14 6 0 0 0 0 66 0 0 0 0 0 0 0 0 0 0 0 0 0 0 27 0 3 
15 5 0 0 0 0 94 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 3 
16 5 0 0 0 0 86 0 0 0 0 0 0 0 0 0 0 0 0 0 0 9 0 3 
17 5 0 0 0 0 0 95 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 
18 5 0 0 0 1 0 0 0 0 0 0 0 92 0 1 0 0 0 0 0 0 0 4 
19 5 0 0 0 0 0 0 0 95 0 0 0 0 0 0 0 0 0 0 0 0 0 2 






21 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 95 0 0 0 0 0 0 2 
22 5 0 0 0 95 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 
23 5 0 0 4 91 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 
24 5 88 0 0 0 0 0 0 0 0 0 0 0 0 0 0 6 0 0 0 0 0 3 
25 5 0 0 0 95 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 
26 5 0 0 87 6 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 4 
27 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 95 0 2 
28 5 0 0 0 0 0 0 0 0 0 95 0 0 0 0 0 0 0 0 0 0 0 2 
29 5 0 0 0 0 0 0 0 1 0 0 5 0 0 4 10 0 0 74 0 0 0 6 
30 5 0 0 0 0 0 0 0 0 0 1 0 0 0 94 0 0 0 0 0 0 0 3 
31 4 9 1 0 1 0 82 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 7 
32 4 0 0 0 0 0 95 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 3 
33 4 6 0 0 1 0 0 0 0 0 3 83 0 0 0 0 3 0 0 0 0 0 6 
34 4 3 0 0 0 0 5 0 0 0 0 0 0 0 0 0 66 21 1 0 0 0 6 
35 4 0 0 91 0 0 0 0 0 0 0 0 5 0 0 0 0 0 0 0 0 0 3 
36 4 0 0 0 0 0 96 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 
37 4 0 0 0 0 0 0 0 0 0 95 1 0 0 0 0 0 0 0 0 0 0 3 
38 4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 95 0 3 
39 4 0 1 0 0 0 0 0 0 0 95 0 0 0 0 0 0 0 0 0 0 0 3 
40 4 0 0 0 0 0 0 0 0 0 96 0 0 0 0 0 0 0 0 0 0 0 2 
41 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 95 0 0 0 0 0 0 2 
42 5 0 0 0 0 0 0 0 0 0 0 0 0 0 95 0 0 0 0 0 0 0 2 
43 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 95 0 0 0 0 0 2 
44 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 95 0 0 0 0 0 0 2 
45 5 0 0 0 0 0 0 0 0 0 0 0 86 0 0 0 9 0 0 0 0 0 3 
46 5 0 0 0 0 3 0 0 0 0 0 0 3 0 0 0 0 0 0 0 90 0 4 
47 5 0 0 0 0 0 0 0 0 0 95 0 0 0 0 0 0 0 0 0 0 0 2 
48 5 0 0 0 0 0 95 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 
49 5 0 0 0 0 0 94 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 3 
50 5 0 0 0 0 84 0 0 0 0 0 0 0 0 0 0 0 0 0 0 9 1 4 
51 5 92 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 4 
52 5 0 0 0 0 0 0 0 0 0 94 0 0 0 1 0 0 0 0 0 0 0 3 
53 5 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 94 0 0 0 0 0 3 
54 4 0 0 0 0 0 0 0 0 0 10 0 0 0 0 0 0 0 86 0 0 0 3 
55 4 87 0 0 1 0 0 0 0 1 0 0 0 0 0 0 5 0 1 0 0 0 6 
56 5 0 0 0 0 4 0 73 0 0 0 0 4 0 0 0 1 0 0 0 13 0 6 
57 5 3 0 8 0 0 65 0 0 0 0 0 14 0 0 1 3 1 0 0 0 0 8 
58 5 0 0 1 0 0 3 1 0 4 0 0 0 0 0 83 1 0 0 1 0 0 8 
59 5 0 0 0 1 0 0 6 0 79 0 0 1 0 3 4 0 0 0 0 0 0 7 
60 5 73 4 0 0 8 0 0 0 0 1 0 0 0 0 0 1 0 6 0 1 0 8 
61 5 0 0 0 0 0 0 78 1 0 0 0 0 0 0 0 0 0 0 0 16 0 4 
62 5 0 0 0 0 0 0 94 0 0 0 0 0 0 0 0 0 0 0 1 0 0 3 
63 5 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 94 0 3 
64 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 92 0 0 0 0 3 
65 5 1 0 0 0 0 0 0 94 0 0 0 0 0 0 0 0 0 0 0 0 0 3 
66 6 0 0 0 94 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 
67 6 0 0 0 0 0 0 0 0 1 0 0 0 0 0 92 0 0 0 0 0 0 3 
68 6 0 0 0 88 0 0 0 0 1 0 0 0 0 3 1 0 0 0 0 0 0 5 
69 6 3 0 0 0 0 0 0 1 0 81 6 0 3 0 0 0 0 0 0 0 0 6 
70 6 0 0 0 0 0 0 0 0 0 0 0 87 0 0 0 6 0 0 0 0 0 3 






72 6 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 3 90 0 0 0 0 4 
73 8 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 92 0 2 
74 8 92 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 
75 8 0 0 0 0 0 0 0 92 0 0 0 0 0 0 0 0 0 0 0 0 0 2 
76 8 57 0 0 0 0 0 0 0 0 0 0 0 3 0 0 25 6 1 0 0 0 6 
77 8 0 0 0 0 0 92 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 
78 8 0 0 0 0 0 92 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 
79 8 0 0 0 0 0 0 0 5 16 0 0 0 0 0 71 0 0 0 0 0 0 4 
80 8 22 0 0 0 0 0 0 0 0 0 0 0 0 0 0 19 51 0 0 0 0 4 
81 8 0 0 0 0 0 0 90 0 0 0 0 0 0 0 0 0 0 0 0 3 0 3 
82 8 52 0 0 0 0 14 0 0 0 0 0 1 1 1 9 10 1 1 0 0 0 10 
83 8 0 0 1 0 0 0 1 0 0 0 0 1 0 0 0 84 4 0 0 0 0 6 
84 8 0 0 0 0 0 0 0 0 0 0 0 0 92 0 0 0 0 0 0 0 0 2 
85 8 82 0 0 0 0 0 0 3 0 0 0 0 0 0 0 0 0 8 0 0 0 4 
86 8 0 0 55 38 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 
87 8 0 0 0 0 0 0 0 0 0 83 0 0 0 0 0 0 0 9 0 0 0 3 
88 8 0 77 0 0 0 0 0 16 0 0 0 0 0 0 0 0 0 0 0 0 0 3 
89 8 0 0 8 0 0 0 64 3 0 4 0 8 0 5 1 0 0 0 0 0 0 8 
90 8 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 91 0 3 
91 8 0 0 0 0 0 0 92 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 
92 8 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 81 12 0 0 0 0 3 
93 8 0 0 1 4 0 1 0 0 0 6 0 0 0 79 0 0 0 0 0 0 0 6 
94 8 0 0 0 88 0 0 0 0 1 0 0 0 0 0 0 0 0 3 0 0 0 4 
95 8 5 4 0 0 0 0 0 0 0 6 1 0 12 0 0 58 4 1 0 0 0 9 
96 8 0 0 79 8 0 0 0 0 0 0 0 0 0 0 0 5 0 0 0 0 0 4 
97 8 0 0 0 0 0 92 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 
98 8 0 0 0 0 0 0 0 0 0 92 0 0 0 0 0 0 0 0 0 0 0 2 
99 8 0 0 0 0 0 0 0 19 0 0 0 0 0 0 0 0 0 73 0 0 0 3 
100 6 0 91 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 4 
101 5 0 0 0 1 0 0 0 0 0 92 0 0 0 0 0 0 0 1 0 0 0 4 
102 5 0 0 0 0 0 0 0 0 0 94 0 0 0 0 1 0 0 0 0 0 0 3 
103 5 0 0 0 0 0 0 0 0 79 0 0 0 0 5 5 0 4 1 0 0 0 6 
104 4 0 0 0 0 0 1 0 0 83 0 1 1 0 4 4 0 1 0 0 0 0 8 
105 4 0 0 0 0 0 0 0 0 0 0 0 0 90 0 0 6 0 0 0 0 0 3 
106 4 0 13 0 0 81 0 0 0 0 1 0 0 0 0 0 0 0 0 0 1 0 5 
107 4 0 0 0 0 0 0 10 0 0 0 0 84 0 0 0 0 0 1 0 0 0 4 
108 4 0 0 0 0 0 0 0 0 0 1 0 0 1 0 94 0 0 0 0 0 0 4 
109 4 1 0 0 0 0 0 0 0 0 1 0 0 91 3 0 0 0 0 0 0 0 5 
110 4 1 0 0 0 0 0 0 0 6 0 0 0 53 31 3 0 0 1 0 0 0 7 
111 4 0 0 0 0 0 90 0 0 0 0 0 5 0 0 0 0 0 0 1 0 0 4 
112 4 0 0 0 0 0 0 0 1 0 0 5 0 0 0 0 0 3 87 0 0 0 5 
113 4 0 0 0 12 0 0 0 0 1 0 0 0 0 81 1 1 0 0 0 0 0 6 
114 4 0 0 0 0 0 0 0 0 0 0 0 0 96 0 0 0 0 0 0 0 0 2 
115 4 0 0 0 0 0 0 0 0 94 0 0 0 1 0 1 0 0 0 0 0 0 4 
116 4 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 84 9 0 0 1 5 
117 4 0 0 0 0 0 95 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 3 
118 4 3 0 0 0 0 0 0 0 0 3 0 0 88 1 0 0 1 0 0 0 0 6 
119 4 0 0 0 0 94 0 0 0 0 1 0 0 0 0 0 0 1 0 0 0 0 4 
120 5 0 0 0 95 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 
121 5 0 0 94 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 






123 4 0 0 0 1 0 1 0 0 94 0 0 0 0 0 0 0 0 0 0 0 0 4 
124 4 0 0 0 94 0 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 4 
125 4 0 0 0 0 0 0 5 0 8 0 0 71 0 3 0 9 0 0 0 0 0 6 
126 4 0 0 0 0 0 0 0 0 0 95 0 0 0 0 0 1 0 0 0 0 0 3 
127 3 0 0 0 0 1 0 0 96 0 0 0 0 0 0 0 0 0 0 0 0 0 3 
128 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 96 0 1 0 0 0 0 3 
129 4 0 0 0 94 0 0 0 0 0 0 0 0 0 3 0 0 0 0 0 0 0 3 
130 3 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 96 0 3 
131 3 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 96 0 0 0 3 
132 3 0 0 0 0 0 0 4 0 84 0 1 0 0 5 3 0 0 0 0 0 0 6 
133 3 0 0 0 1 0 0 0 0 1 0 0 0 0 94 1 0 0 0 0 0 0 5 
134 3 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 96 0 0 0 0 3 
135 3 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 96 0 0 3 
136 3 0 0 0 0 1 0 0 0 0 0 0 96 0 0 0 0 0 0 0 0 0 3 
137 3 0 0 0 0 0 0 0 0 0 96 0 0 0 0 1 0 0 0 0 0 0 3 
138 3 0 0 0 1 0 0 0 0 1 0 0 0 0 94 1 0 0 0 0 0 0 5 
139 3 3 0 0 0 0 95 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 
140 3 6 0 0 8 0 0 6 0 0 0 0 0 0 74 0 3 0 0 0 0 0 6 
141 3 96 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 
142 3 0 0 0 0 0 0 0 0 0 97 0 0 0 0 0 0 0 0 0 0 0 2 
143 3 0 0 1 96 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 
144 3 0 0 0 0 0 0 0 0 0 1 0 0 0 96 0 0 0 0 0 0 0 3 
145 3 97 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 
146 3 0 0 0 0 0 0 0 97 0 0 0 0 0 0 0 0 0 0 0 0 0 2 
147 3 0 0 0 0 0 0 0 97 0 0 0 0 0 0 0 0 0 0 0 0 0 2 
148 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 97 0 0 0 0 0 2 
149 3 0 0 0 0 0 0 0 0 0 0 0 0 0 97 0 0 0 0 0 0 0 2 
150 3 0 0 0 0 0 0 0 0 88 0 0 0 0 0 9 0 0 0 0 0 0 3 
151 3 0 0 0 0 0 0 0 0 0 0 0 0 97 0 0 0 0 0 0 0 0 2 
152 3 0 0 0 0 0 0 0 0 1 0 0 0 0 96 0 0 0 0 0 0 0 3 
153 3 0 0 0 0 0 0 0 0 0 97 0 0 0 0 0 0 0 0 0 0 0 2 
154 3 0 0 0 97 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 
155 3 0 0 0 0 0 0 0 0 97 0 0 0 0 0 0 0 0 0 0 0 0 2 
156 3 0 0 0 0 0 0 0 0 0 96 0 0 0 0 1 0 0 0 0 0 0 3 
157 3 0 0 0 0 0 0 0 96 0 0 0 0 0 0 0 0 0 1 0 0 0 3 
158 1 97 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 3 
159 1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 96 1 0 0 0 4 
160 1 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 97 0 0 0 0 3 
161 1 97 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 3 
162 1 0 0 0 0 0 0 99 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 
163 1 0 0 0 97 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 3 
164 1 0 0 0 0 0 0 0 0 95 0 0 0 0 0 3 1 0 0 0 0 0 4 
165 1 0 0 0 0 0 0 0 0 0 0 99 0 0 0 0 0 0 0 0 0 0 2 
166 1 0 0 0 0 0 0 0 0 0 0 0 0 96 0 0 1 0 1 0 0 0 4 
167 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 99 0 0 2 
168 1 0 0 0 0 99 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 
169 1 0 0 0 0 0 0 99 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 
170 1 0 0 0 0 0 97 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 
171 1 4 0 0 0 0 0 0 0 60 0 1 17 0 0 14 0 3 0 0 0 0 7 
172 1 0 0 0 0 0 0 0 99 0 0 0 0 0 0 0 0 0 0 0 0 0 2 






174 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 99 0 0 0 0 0 0 2 
175 1 0 0 30 56 0 3 0 0 0 3 0 0 0 0 0 0 0 8 0 0 0 6 
176 1 0 0 12 86 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 4 
177 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 99 0 0 0 0 0 2 
178 1 1 0 0 97 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 
179 1 1 0 0 0 0 0 4 0 0 1 0 0 4 87 0 1 0 0 0 0 0 7 
180 0 1 0 0 0 0 0 0 56 0 5 0 0 0 0 16 0 16 6 0 0 0 6 
181 0 0 0 0 0 0 0 0 5 0 14 0 0 0 0 0 0 0 81 0 0 0 3 
182 0 0 0 0 0 0 0 3 5 0 81 5 0 0 6 0 0 0 0 0 0 0 5 
183 0 0 0 0 0 0 0 0 83 0 3 1 4 0 0 1 8 0 0 0 0 0 6 
184 0 0 0 0 0 0 97 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 3 
185 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 91 1 6 0 0 0 4 
186 0 0 0 0 0 0 0 0 0 86 0 0 3 0 0 12 0 0 0 0 0 0 3 
187 0 1 0 0 0 0 1 0 4 0 0 0 6 5 0 0 1 78 3 0 0 0 8 
188 0 0 0 4 0 0 0 0 0 0 0 0 95 1 0 0 0 0 0 0 0 0 3 
189 0 0 0 0 0 0 100 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 
190 0 0 0 0 1 0 0 0 0 91 0 0 0 0 1 1 5 0 0 0 0 0 5 
191 1 0 0 0 1 96 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 4 
192 1 0 0 0 0 0 0 0 0 0 96 0 0 0 0 1 1 0 0 0 0 0 4 
193 14 12 0 0 0 0 0 0 65 0 0 0 0 0 8 0 0 1 0 0 0 0 5 
194 5 0 0 0 0 0 0 0 0 6 0 0 0 0 0 88 0 0 0 0 0 0 3 
195 10 57 0 18 10 0 0 0 0 0 0 0 1 0 0 3 0 0 0 0 0 0 6 
196 22 0 0 0 1 0 0 0 0 1 0 0 0 0 0 75 0 0 0 0 0 0 4 
197 22 0 0 68 0 0 0 0 0 0 0 0 9 0 1 0 0 0 0 0 0 0 4 
198 4 1 0 17 1 0 0 0 0 1 1 0 66 0 1 1 4 1 0 0 0 0 11 
199 5 0 0 0 0 0 0 0 0 0 0 0 88 0 0 1 5 0 0 0 0 0 4 
200 4 0 0 0 0 0 92 0 0 0 0 0 0 0 0 0 1 0 3 0 0 0 4 
201 4 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 95 0 0 0 0 0 3 
202 4 0 0 0 0 9 0 0 0 0 0 0 1 0 0 0 0 0 0 0 86 0 4 
203 4 96 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 
204 4 0 0 0 0 0 0 0 0 0 96 0 0 0 0 0 0 0 0 0 0 0 2 
205 4 0 95 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 
206 4 0 0 0 0 0 0 0 1 0 95 0 0 0 0 0 0 0 0 0 0 0 3 
207 4 0 0 0 0 0 0 0 1 0 95 0 0 0 0 0 0 0 0 0 0 0 3 
208 4 0 0 0 0 0 0 91 0 0 0 0 5 0 0 0 0 0 0 0 0 0 3 
209 4 0 0 9 83 0 1 0 0 0 0 0 3 0 0 0 0 0 0 0 0 0 5 
210 4 0 0 0 0 0 87 0 0 0 0 0 3 0 0 5 1 0 0 0 0 0 5 
211 4 0 0 0 1 0 0 0 0 86 0 0 0 0 8 1 0 0 0 0 0 0 5 
212 4 0 0 0 0 0 0 0 5 0 0 0 0 0 0 0 0 0 91 0 0 0 3 
213 4 0 0 0 0 0 0 0 1 0 82 8 0 0 0 0 5 0 0 0 0 0 5 
214 4 0 0 0 0 0 0 96 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 
215 4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 96 0 2 
216 4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 96 0 0 0 0 0 0 2 
217 4 0 0 0 0 0 0 0 95 0 0 0 0 0 0 0 0 0 1 0 0 0 3 
218 4 0 0 95 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 3 
219 4 0 0 0 0 0 0 0 0 66 0 0 0 0 1 29 0 0 0 0 0 0 4 
220 4 0 0 96 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 
221 4 0 0 0 0 0 0 0 0 90 0 0 0 0 3 3 1 0 0 0 0 0 5 
222 4 6 0 0 0 0 0 0 1 3 0 0 0 0 0 0 0 86 0 0 0 0 5 
223 4 0 0 1 0 0 95 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 






225 4 0 0 0 0 0 0 0 0 0 96 0 0 0 0 0 0 0 0 0 0 0 2 
226 4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 96 0 0 0 0 0 2 
227 4 0 0 0 0 1 0 0 95 0 0 0 0 0 0 0 0 0 0 0 0 0 3 
228 4 0 0 0 0 0 0 0 0 0 0 0 0 96 0 0 0 0 0 0 0 0 2 
229 4 0 0 32 57 0 6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 4 
230 4 0 0 0 0 0 96 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 
231 4 0 0 0 0 0 0 0 0 96 0 0 0 0 0 0 0 0 0 0 0 0 2 
232 4 0 0 0 0 0 0 0 0 84 0 0 6 0 1 4 0 0 0 0 0 0 5 
233 4 0 0 0 0 96 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 
234 4 0 0 96 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 
235 4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 96 0 0 0 0 2 
236 4 0 0 0 0 0 0 0 0 0 96 0 0 0 0 0 0 0 0 0 0 0 2 
237 5 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 94 0 0 3 
238 5 0 0 0 0 0 0 0 0 0 0 0 0 0 95 0 0 0 0 0 0 0 2 
239 5 0 0 0 0 0 0 0 1 0 94 0 0 0 0 0 0 0 0 0 0 0 3 
240 6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 94 0 0 0 2 
241 6 0 0 0 94 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 
242 6 0 0 0 0 0 0 94 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 
243 6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 94 0 2 
244 6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 94 0 0 0 0 0 2 
245 6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 94 0 2 
246 6 0 0 0 0 0 0 0 0 94 0 0 0 0 0 0 0 0 0 0 0 0 2 
247 6 42 0 0 0 0 0 0 0 0 0 0 0 45 0 0 6 0 0 0 0 0 4 
248 6 0 0 94 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 
249 6 0 0 0 0 0 92 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 3 
250 6 0 0 0 0 0 0 0 0 0 94 0 0 0 0 0 0 0 0 0 0 0 2 
251 6 0 0 0 0 0 0 0 0 0 94 0 0 0 0 0 0 0 0 0 0 0 2 
252 6 0 0 0 0 0 0 3 0 0 0 0 0 0 0 91 0 0 0 0 0 0 3 
253 6 0 0 0 0 0 0 0 3 0 0 0 0 0 0 0 0 0 91 0 0 0 3 
254 6 0 0 0 0 0 0 0 1 0 92 0 0 0 0 0 0 0 0 0 0 0 3 
255 6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 91 0 0 0 0 3 
256 6 0 0 3 13 0 0 0 4 0 0 0 0 0 0 0 0 0 74 0 0 0 5 
257 6 1 0 0 0 0 0 0 0 0 0 0 0 90 0 0 0 3 0 0 0 0 4 
258 8 0 91 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 3 
259 8 0 0 0 0 0 0 0 0 0 0 0 0 17 73 1 1 0 0 0 0 0 5 
260 8 0 0 0 0 0 0 0 0 74 0 0 0 0 1 17 0 0 0 0 0 0 4 
261 22 0 0 0 0 0 0 4 74 0 0 0 0 0 0 0 0 0 0 0 0 0 3 
262 23 0 0 0 0 0 77 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 
263 27 12 0 0 1 0 18 0 0 0 0 0 0 0 0 0 6 29 6 0 0 0 7 







Appendix B Amide Chemical Shifts of the Three tSH2 Constructs 







15N 1H 15N 1H 15N 1H 
Y14 113.732 6.246 
F15 120.746 6.859 
F16 124.736 8.869 
E22 119.249 8.599 
A24 121.882 8.283 
E25 117.321 8.074 
D26 119.594 7.601 
Y27 120.974 7.817 
L28 117.790 7.600 
Q30 124.957 8.050 
G31 105.077 7.707 
G32 108.313 7.659 
M33 119.184 8.369 
T34 109.408 6.509 
D35 121.135 8.467 
G36 112.863 9.573 
L37 128.383 8.054 
Y38 121.620 8.051 
L39 114.309 9.019 
L40 120.775 9.145 
R41 122.358 9.619 
Q42 123.904 8.363 
S43 119.698 7.819 
N45 123.413 7.360 
G49 105.774 7.886 
F50 117.980 9.395 
A51 123.035 9.273 
L52 126.128 9.298 
S53 124.166 8.694 
V54 124.254 9.202 
A55 130.845 8.856 
H56 119.775 8.956 
N57 128.783 8.820 
R58 109.167 9.519 
K59 120.086 7.656 
A60 123.785 8.295 
H61 123.744 8.936 
H62 120.980 8.169 
Y63 122.504 9.301 
T64 122.106 9.051 
Y14 113.743 6.262 
F15 120.741 6.869 
F16 124.685 8.855 
N18 130.014 9.209 
I19 114.677 7.493 
T20 114.302 9.227 
E22 119.134 8.575 
E23 121.261 7.669 
E25 117.448 8.078 
D26 119.475 7.602 
Y27 120.801 7.775 
L28 117.860 7.673 
V29 120.896 7.885 
Q30 124.921 8.048 
G31 105.135 7.728 
G32 108.339 7.687 
M33 119.313 8.418 
T34 109.487 6.529 
D35 121.178 8.470 
G36 112.810 9.597 
L37 128.364 8.056 
L39 114.318 9.022 
L40 120.549 9.174 
R41 122.044 9.595 
S43 119.279 7.837 
N45 123.324 7.372 
Y46 121.027 7.612 
G49 106.815 8.082 
F50 117.598 9.230 
A51 122.954 9.281 
L52 126.058 9.326 
S53 124.246 8.742 
V54 124.248 9.214 
A55 130.886 8.868 
H56 119.805 8.981 
N57 128.808 8.843 
R58 109.219 9.533 
A60 123.770 8.319 
H61 123.728 8.962 
H62 121.127 8.188 
Y14 113.774 6.250 
F15 120.737 6.862 
F16 124.863 8.885 
E22 119.120 8.600 
E25 117.383 8.051 
D26 119.550 7.593 
L28 117.805 7.593 
V29 120.954 7.878 
Q30 124.957 8.068 
G31 105.125 7.692 
G32 108.367 7.676 
M33 119.527 8.409 
T34 109.413 6.517 
D35 121.174 8.469 
G36 112.800 9.576 
L37 128.401 8.055 
Y38 121.522 8.042 
L40 120.759 9.147 
R41 122.320 9.594 
S43 119.336 7.828 
N45 123.352 7.350 
G49 106.590 7.910 
F50 117.916 9.193 
A51 122.984 9.191 
L52 125.963 9.293 
S53 124.112 8.730 
V54 124.277 9.191 
A55 130.894 8.864 
H56 119.823 8.960 
N57 128.802 8.830 
R58 109.188 9.520 
K59 120.037 7.659 
A60 123.732 8.314 
H61 123.716 8.943 
H62 121.243 8.210 
Y63 122.594 9.370 
E68 129.519 8.732 
L69 123.060 8.701 
N70 114.274 7.866 






I65 130.104 9.222 
E66 127.373 8.425 
E68 130.084 8.805 
L69 123.073 8.724 
N70 114.096 7.848 
G71 107.787 8.138 
T72 109.172 6.844 
Y73 116.164 9.025 
A74 121.944 8.557 
I75 124.587 9.594 
S76 123.158 9.226 
G77 112.957 8.867 
G78 109.278 8.226 
R79 120.158 8.089 
A80 123.649 7.666 
H81 120.501 9.276 
A82 123.054 9.571 
S83 106.807 7.429 
A85 120.533 7.855 
D86 119.596 7.739 
L87 124.136 7.345 
C88 118.527 7.908 
H89 119.911 8.044 
Y90 124.064 8.410 
H91 116.961 7.909 
S92 115.980 7.376 
Q93 120.184 7.420 
D96 116.833 8.045 
G97 106.998 8.164 
I99 116.674 6.843 
L101 116.527 7.615 
L102 121.561 7.644 
K104 121.098 7.542 
F106 126.187 9.118 
N107 120.831 6.909 
R108 118.590 7.881 
V112 122.895 7.820 
Q113 127.761 8.479 
F168 123.952 7.587 
H169 127.740 8.717 
I172 117.378 7.090 
S173 119.681 8.997 
R174 124.293 9.279 
D175 120.019 8.554 
E176 120.876 7.954 
S177 119.249 8.599 
Y63 122.613 9.366 
I65 129.921 9.244 
E66 127.407 8.480 
E68 129.632 8.762 
L69 123.054 8.711 
N70 114.256 7.868 
G71 107.792 8.140 
T72 109.219 6.856 
Y73 116.297 9.041 
A74 122.143 8.594 
I75 124.301 9.579 
S76 123.052 9.217 
G77 113.041 8.870 
G78 109.363 8.265 
R79 120.078 8.098 
A80 123.626 7.670 
A82 123.024 9.574 
S83 106.790 7.442 
A85 120.430 7.864 
D86 119.618 7.754 
L87 124.137 7.380 
C88 118.527 7.938 
H89 119.912 8.054 
H91 116.967 7.928 
S92 115.960 7.391 
D96 116.948 8.070 
G97 106.940 8.166 
L98 121.591 8.179 
I99 116.713 6.865 
C100 112.244 6.796 
L101 116.535 7.621 
L102 121.673 7.669 
K104 121.050 7.559 
F106 126.175 9.157 
N107 120.813 6.890 
R108 118.650 7.897 
V112 122.949 7.857 
Q113 127.778 8.476 
G117 111.717 8.114 
E124 121.235 8.245 
E129 122.689 8.282 
E130 122.647 8.387 
V131 122.193 8.015 
K132 125.309 8.128 
Q138 120.047 8.146 
A141 124.948 8.181 
T72 109.253 6.846 
Y73 116.307 9.030 
A74 122.170 8.578 
I75 124.145 9.577 
S76 122.984 9.191 
G77 113.086 8.864 
G78 109.363 8.253 
R79 120.076 8.098 
A80 123.570 7.660 
H81 120.403 9.273 
A82 123.007 9.566 
S83 106.804 7.428 
A85 120.481 7.868 
D86 119.631 7.743 
L87 124.137 7.372 
C88 118.521 7.927 
H89 119.909 8.037 
Y90 124.094 8.411 
H91 116.970 7.915 
S92 115.942 7.374 
Q93 120.189 7.415 
D96 116.966 8.060 
G97 106.878 8.157 
L98 121.536 8.179 
I99 116.720 6.853 
C100 112.240 6.784 
L101 116.538 7.618 
L102 121.623 7.658 
K104 120.980 7.534 
F106 126.087 9.108 
N107 120.869 6.920 
R108 118.673 7.891 
V112 122.875 7.822 
W167 108.420 5.540 
F168 123.762 7.589 
I172 117.577 7.120 
S173 119.694 9.004 
R174 124.218 9.271 
D175 120.056 8.562 
E176 120.866 7.964 
S177 119.120 8.600 
E178 122.757 7.636 
Q179 115.334 7.549 
T180 114.796 7.874 
V181 120.971 7.801 






E178 122.877 7.663 
Q179 115.351 7.544 
T180 114.857 7.866 
V181 120.974 7.817 
L182 117.971 7.139 
I183 121.260 6.983 
G184 112.827 8.209 
T187 119.375 7.118 
N188 126.155 8.733 
G189 113.713 9.590 
K190 124.456 7.613 
F191 119.911 8.044 
L192 116.194 8.791 
I193 120.402 9.264 
R194 124.153 9.118 
A195 125.398 8.461 
R196 120.876 7.954 
D197 119.920 7.987 
G200 112.194 8.292 
S201 113.484 7.578 
Y202 122.154 8.970 
A203 122.504 9.301 
L204 125.273 9.321 
C205 127.675 9.002 
L206 123.994 8.772 
L207 125.208 8.520 
H208 127.619 9.276 
E209 126.155 8.733 
G210 103.271 8.090 
K211 121.236 7.714 
V212 121.746 8.410 
L213 130.012 9.190 
H214 119.313 7.996 
Y215 122.027 9.333 
R216 125.998 8.903 
I217 121.620 8.051 
D218 126.155 8.322 
R219 122.119 8.425 
D220 127.520 8.757 
T222 111.066 8.261 
G223 110.439 8.018 
K224 121.691 7.824 
L225 122.510 9.217 
S226 110.740 8.109 
I227 120.959 9.228 
E229 118.454 8.790 
L142 121.734 7.895 
E143 121.570 8.333 
Q144 120.458 8.112 
A145 124.921 8.048 
I146 120.002 7.901 
I147 124.298 7.959 
L153 123.790 8.108 
E154 121.179 8.140 
L156 123.309 7.958 
I157 122.245 7.940 
A158 127.099 8.137 
K164 116.561 7.484 
W167 107.503 5.721 
F168 123.850 7.627 
H169 127.753 8.744 
I172 117.366 7.104 
S173 119.691 9.004 
R174 124.283 9.288 
D175 119.992 8.558 
S177 119.205 8.608 
E178 122.848 7.668 
Q179 115.345 7.557 
T180 114.850 7.878 
V181 120.976 7.825 
L182 118.034 7.142 
I183 121.243 6.990 
G184 113.160 8.242 
T187 119.336 7.116 
G189 113.659 9.600 
K190 124.505 7.617 
F191 119.819 8.030 
L192 116.048 8.790 
R194 124.228 9.149 
A195 125.391 8.476 
D197 119.841 7.980 
S201 113.587 7.611 
A203 122.504 9.315 
L204 125.329 9.354 
C205 127.724 9.016 
L206 124.228 8.804 
L207 125.346 8.557 
H208 127.541 9.283 
G210 103.341 8.132 
L213 130.014 9.209 
H214 119.349 8.006 
Y215 122.062 9.344 
I183 121.210 6.956 
G184 113.593 8.259 
T187 119.298 7.094 
N188 126.219 8.748 
G189 113.803 9.628 
K190 124.614 7.606 
F191 119.909 8.037 
L192 115.720 8.768 
I193 120.165 9.214 
A195 125.449 8.461 
R196 120.866 7.964 
D197 119.715 7.970 
G200 112.104 8.300 
S201 113.605 7.605 
A203 122.427 9.317 
L204 125.429 9.356 
C205 127.676 8.994 
L206 124.104 8.803 
L207 125.437 8.589 
H208 127.415 9.279 
E209 126.219 8.748 
G210 103.387 8.154 
K211 121.241 7.715 
V212 121.770 8.405 
H214 119.241 8.002 
R216 125.958 8.901 
I217 121.522 8.042 
D218 126.109 8.417 
R219 122.288 8.458 
D220 127.547 8.781 
T222 110.993 8.285 
G223 110.450 8.026 
K224 121.536 7.828 
L225 122.315 9.185 
S226 111.027 8.162 
I227 121.481 9.282 
E229 118.436 8.785 
G230 109.155 8.660 
K231 120.199 7.607 
K232 119.823 7.474 
F233 119.804 9.122 
D234 119.809 8.756 
T235 105.091 7.196 
L239 124.324 6.647 
H242 119.277 7.421 






G230 109.040 8.631 
K231 120.404 7.600 
K232 120.331 7.530 
L236 120.858 8.977 
V240 119.594 7.601 
H242 119.416 7.433 
Y243 115.744 7.441 
S244 113.034 7.074 
D248 114.593 7.667 
G249 107.880 8.170 
L250 122.289 7.929 
T255 112.389 8.363 
V256 121.406 8.108 
C258 124.267 8.678 
Q259 127.762 8.404 
K260 124.996 8.354 
I261 124.140 8.206 
G262 113.885 8.332 
T263 114.096 7.848 
R216 125.993 8.912 
D218 126.232 8.396 
D220 127.497 8.782 
T222 110.970 8.293 
G223 110.458 8.043 
K224 121.555 7.847 
L225 122.272 9.164 
S226 111.019 8.177 
I227 121.209 9.261 
E229 118.361 8.784 
G230 109.140 8.660 
K231 120.139 7.596 
K232 119.877 7.508 
F233 119.904 9.151 
D234 119.857 8.821 
T235 105.014 7.226 
L236 121.324 8.997 
W237 117.695 8.223 
Q238 119.736 7.347 
L239 124.100 6.710 
H242 119.200 7.416 
Y243 115.904 7.481 
S244 113.630 7.140 
Y245 120.071 7.336 
D248 114.773 7.706 
G249 108.370 8.205 
L250 122.245 7.940 
T255 112.364 8.361 
V256 121.699 8.078 
Q259 127.806 8.431 
K260 124.989 8.331 
I261 124.388 8.221 
G262 113.937 8.339 
T263 114.256 7.868 
S244 113.666 7.143 
Y245 120.184 7.333 
D248 114.642 7.693 
G249 108.329 8.204 
L250 122.211 7.925 
T255 112.105 8.375 
C258 124.236 8.633 
K260 125.030 8.293 
I261 125.101 8.234 
G262 114.098 8.340 
T263 114.274 7.866 
 
B.2 Amide Chemical Shifts of the Bound Syk tSH2 with ITP or IHPs 
tSH2 
+ITP 
δ (ppm) tSH2 
+N-IHP 
δ (ppm) tSH2 
+C-IHP 
δ (ppm) 
15N 1H 15N 1H 15N 1H 
Y14 113.664 6.246 
F15 120.613 6.853 
F16 124.614 8.845 
E22 119.132 8.702 
A24 122.064 8.335 
E25 117.103 8.316 
Y14 113.710 6.254 
F15 120.662 6.857 
F16 124.698 8.859 
E22 119.188 8.664 
A24 122.086 8.333 
E25 117.050 8.256 
Y14 113.732 6.283 
F15 120.638 6.882 
F16 124.613 8.874 
E22 119.163 8.671 
A24 122.100 8.357 






Q30 125.151 8.150 
G31 105.043 7.721 
G32 108.376 7.689 
M33 119.081 8.371 
T34 109.331 6.516 
D35 120.988 8.474 
G36 112.798 9.501 
L37 128.181 8.030 
L39 114.083 9.023 
L40 120.765 9.157 
R41 122.122 9.650 
Q42 124.787 8.426 
S43 120.169 7.811 
N45 123.374 7.375 
A51 123.217 9.305 
L52 126.477 9.355 
S53 125.336 8.761 
V54 124.028 9.155 
A55 130.857 8.860 
H56 119.762 8.942 
N57 128.674 8.804 
R58 109.300 9.511 
A60 123.903 8.271 
H61 123.683 8.888 
H62 121.359 8.259 
Y63 122.122 9.650 
I65 129.825 9.277 
E66 127.020 8.422 
E68 130.340 8.833 
L69 123.023 8.702 
G71 107.831 8.110 
T72 109.017 6.846 
Y73 115.840 9.058 
A74 121.752 8.656 
I75 127.582 9.469 
G77 115.402 8.654 
G78 111.392 8.881 
A80 122.560 7.672 
H81 120.386 9.302 
A82 123.063 9.567 
S83 106.807 7.440 
D86 119.410 7.745 
L87 124.091 7.252 
Y90 123.886 8.501 
H91 116.618 7.813 
S92 115.581 7.340 
L28 117.551 7.552 
Q30 125.079 8.132 
G31 105.054 7.723 
G32 108.342 7.688 
M33 118.898 8.363 
T34 109.363 6.516 
D35 121.024 8.466 
G36 112.844 9.522 
L37 128.170 8.031 
L39 114.127 9.016 
L40 120.889 9.171 
R41 122.226 9.670 
Q42 124.642 8.401 
S43 119.970 7.811 
N45 123.384 7.374 
G49 105.436 7.814 
F50 117.427 9.401 
A51 123.266 9.306 
L52 126.409 9.308 
S53 125.134 8.774 
V54 123.834 9.201 
A55 131.381 8.900 
H56 120.018 8.918 
N57 128.422 8.782 
R58 109.091 9.527 
K59 120.312 7.681 
A60 124.996 8.370 
H61 122.668 8.863 
H62 121.230 8.219 
Y63 121.525 9.582 
T64 119.615 9.200 
I65 129.566 9.253 
E66 127.574 8.354 
E68 130.110 8.819 
L69 123.038 8.708 
G71 107.827 8.114 
T72 109.126 6.855 
Y73 115.944 9.053 
A74 121.898 8.673 
I75 127.042 9.471 
G77 114.987 8.663 
G78 110.499 8.786 
A80 122.851 7.703 
H81 120.208 9.301 
A82 122.993 9.563 
S83 106.767 7.436 
L28 117.538 7.565 
Q30 125.181 8.172 
G31 105.051 7.737 
G32 108.407 7.723 
M33 119.122 8.404 
T34 109.426 6.551 
D35 121.078 8.493 
G36 112.809 9.527 
L37 128.204 8.059 
L39 114.153 9.067 
L40 120.831 9.202 
R41 122.291 9.689 
Q42 124.590 8.449 
S43 120.092 7.840 
N45 123.331 7.419 
G49 105.483 7.875 
F50 117.470 9.445 
A51 123.256 9.345 
L52 126.532 9.414 
S53 125.396 8.815 
V54 124.053 9.199 
A55 130.915 8.886 
H56 119.777 8.979 
N57 128.764 8.852 
R58 109.296 9.533 
K59 119.959 7.651 
A60 123.869 8.285 
H61 123.628 8.923 
H62 121.136 8.239 
Y63 122.247 9.661 
I65 129.837 9.318 
E66 127.496 8.376 
E68 130.084 8.842 
L69 123.049 8.730 
N70 114.032 7.840 
G71 107.800 8.140 
T72 109.066 6.870 
Y73 115.992 9.080 
A74 121.849 8.689 
I75 127.406 9.488 
G77 115.198 8.681 
G78 111.190 8.867 
A80 122.655 7.694 
H81 120.379 9.338 
A82 123.109 9.595 






D96 117.128 8.249 
G97 103.968 8.073 
I99 117.890 6.872 
C100 111.676 6.695 
L102 123.441 7.741 
K104 121.001 7.534 
F106 126.135 9.084 
N107 120.885 6.897 
R108 118.663 7.908 
V112 122.940 7.826 
Q113 127.826 8.494 
F168 124.025 7.594 
I172 117.131 7.017 
S173 119.403 8.991 
R174 123.563 9.180 
D175 120.348 8.651 
E176 120.837 7.963 
S177 119.241 8.816 
E178 123.411 7.679 
Q179 115.726 7.524 
T180 114.977 7.883 
L182 117.349 7.261 
I183 121.139 6.975 
G184 112.941 8.186 
T187 119.484 7.111 
N188 125.538 8.635 
G189 113.458 9.601 
K190 124.408 7.602 
L192 115.897 8.820 
I193 120.386 9.302 
R194 123.563 9.180 
A195 125.568 8.436 
R196 120.837 7.963 
G200 112.303 8.282 
A203 121.535 9.416 
L204 125.560 9.491 
C205 128.407 9.090 
L206 123.906 8.860 
L207 126.027 8.574 
H208 128.608 9.293 
E209 125.538 8.635 
G210 103.179 7.965 
V212 122.963 8.474 
L213 129.573 9.105 
H214 119.962 8.274 
D218 125.568 8.436 
D86 119.440 7.750 
L87 124.101 7.276 
C88 118.370 7.803 
Y90 123.941 8.494 
H91 116.634 7.823 
S92 115.690 7.355 
D96 116.604 8.164 
G97 104.848 8.161 
I99 116.874 7.040 
L101 117.160 7.638 
L102 123.075 7.740 
K104 121.079 7.541 
F106 126.186 9.100 
N107 120.880 6.896 
R108 118.642 7.900 
V112 122.913 7.830 
Q113 127.812 8.493 
F168 124.083 7.601 
I172 117.000 7.010 
S173 119.454 8.990 
R174 123.579 9.182 
D175 120.305 8.642 
E176 120.853 7.958 
S177 119.015 8.829 
E178 123.361 7.676 
Q179 115.699 7.512 
T180 114.873 7.885 
L182 117.388 7.252 
I183 121.118 6.973 
G184 112.962 8.189 
T187 119.429 7.117 
N188 125.563 8.663 
G189 113.497 9.589 
K190 124.369 7.603 
L192 115.923 8.821 
I193 120.208 9.301 
R194 123.579 9.182 
A195 125.507 8.432 
R196 120.853 7.958 
G200 112.303 8.276 
Y202 122.738 8.998 
A203 121.568 9.408 
L204 125.610 9.520 
C205 128.413 9.110 
L206 124.068 8.867 
L207 126.210 8.610 
D86 119.480 7.780 
L87 124.138 7.295 
C88 118.469 7.822 
Y90 123.951 8.532 
H91 116.677 7.852 
S92 115.604 7.372 
D96 117.182 8.270 
G97 104.131 8.097 
I99 117.892 6.901 
L101 117.372 7.671 
L102 123.365 7.766 
K104 120.941 7.567 
F106 126.086 9.114 
N107 120.918 6.924 
R108 118.759 7.934 
V112 122.926 7.855 
Q113 127.826 8.504 
F168 124.105 7.621 
H169 127.713 8.708 
I172 117.009 7.044 
S173 119.651 9.015 
R174 123.711 9.234 
D175 120.290 8.631 
E176 120.891 7.963 
S177 119.185 8.813 
E178 123.241 7.696 
Q179 115.687 7.522 
T180 114.892 7.909 
L182 117.641 7.244 
I183 121.159 7.005 
G184 112.996 8.213 
T187 119.319 7.139 
N188 125.997 8.762 
G189 113.611 9.580 
K190 124.405 7.625 
L192 115.838 8.843 
I193 120.379 9.338 
R194 123.489 9.190 
A195 125.470 8.461 
R196 120.891 7.963 
G200 112.399 8.337 
Y202 122.462 9.031 
A203 121.618 9.420 
L204 125.378 9.539 
C205 128.394 9.120 






R219 122.553 8.420 
D220 127.691 8.736 
T222 111.251 8.309 
G223 110.362 8.005 
S226 111.035 8.330 
I227 120.440 9.399 
G230 110.277 9.279 
L236 120.520 8.954 
Y243 115.624 7.469 
S244 112.337 7.064 
G249 103.968 8.073 
T255 112.216 8.404 
V256 121.908 8.096 
C258 124.274 8.644 
Q259 127.617 8.371 
K260 125.055 8.370 
I261 124.234 8.189 
G262 113.925 8.335 
T263 114.043 7.826 
H208 128.618 9.284 
E209 125.563 8.663 
G210 103.192 7.971 
V212 122.886 8.464 
L213 129.600 9.107 
H214 119.974 8.270 
D218 125.740 8.465 
R219 122.591 8.415 
D220 127.698 8.744 
T222 111.177 8.307 
G223 110.358 8.006 
K224 121.580 7.742 
L225 123.054 9.246 
S226 111.177 8.307 
G230 110.659 9.250 
L236 120.439 8.961 
H242 119.479 7.484 
Y243 115.696 7.415 
S244 112.435 7.055 
G249 104.311 8.079 
T255 112.371 8.401 
V256 121.644 8.086 
C258 124.280 8.650 
Q259 127.317 8.432 
K260 124.996 8.370 
I261 124.250 8.205 
G262 113.913 8.336 
L207 125.974 8.613 
H208 128.226 9.285 
E209 125.997 8.762 
G210 103.214 8.045 
K211 121.298 7.734 
V212 122.095 8.418 
L213 130.329 9.172 
H214 119.681 8.255 
D218 125.768 8.480 
R219 122.555 8.441 
D220 127.654 8.757 
T222 111.253 8.335 
G223 110.369 8.034 
K224 121.600 7.766 
L225 123.011 9.292 
S226 110.849 8.291 
I227 120.927 9.459 
G230 111.195 9.240 
K232 120.941 7.567 
L236 120.422 9.004 
H242 119.518 7.483 
Y243 115.726 7.447 
S244 112.387 7.090 
D248 114.649 7.880 
G249 104.090 8.036 
T255 112.385 8.410 
V256 121.598 8.107 
C258 124.313 8.664 
Q259 127.602 8.459 
K260 125.002 8.378 
I261 124.129 8.217 
G262 113.868 8.351 
T263 114.032 7.840 
 
B.3 Amide Chemical Shifts of the Bound Syk tSH2PM with ITP or IHPs 
tSH2PM 
+ITP 
δ (ppm) tSH2PM 
+N-IHP 
δ (ppm) tSH2PM 
+C-IHP 
δ (ppm) 
15N 1H 15N 1H 15N 1H 
Y14 113.705 6.268 
F15 120.626 6.866 
F16 124.623 8.849 
N18 129.612 9.125 
E23 121.586 7.692 
E25 117.074 8.339 
L28 117.346 7.660 
Y14 113.726 6.269 
F15 120.643 6.866 
F16 124.620 8.835 
I19 114.255 7.387 
T20 113.691 9.132 
E22 118.840 8.614 
E23 120.867 7.648 
Y14 113.716 6.265 
F15 120.586 6.860 
F16 124.541 8.831 
I19 114.159 7.373 
T20 113.544 9.131 
E22 118.927 8.640 






Q30 125.173 7.999 
G31 105.061 7.739 
G32 108.408 7.713 
M33 119.110 8.396 
T34 109.384 6.537 
D35 121.028 8.478 
G36 112.790 9.525 
L37 128.187 8.045 
L39 114.116 9.043 
L40 120.780 9.177 
R41 122.148 9.661 
N45 123.344 7.390 
F50 117.476 9.452 
A51 123.220 9.337 
L52 126.474 9.382 
S53 125.302 8.787 
V54 124.035 9.182 
A55 130.907 8.875 
H56 119.803 8.963 
N57 128.704 8.829 
R58 109.319 9.527 
A60 123.938 8.287 
H61 123.644 8.916 
Y63 122.148 9.661 
I65 129.733 9.294 
E66 127.100 8.428 
E68 130.158 8.835 
L69 123.032 8.705 
G71 107.830 8.123 
T72 109.062 6.853 
Y73 115.913 9.071 
A74 121.853 8.681 
I75 127.427 9.471 
G77 115.309 8.676 
G78 111.286 8.879 
A80 122.656 7.682 
A82 123.085 9.577 
S83 106.807 7.457 
D86 119.444 7.758 
L87 124.087 7.276 
H91 116.650 7.835 
S92 115.609 7.363 
D96 117.124 8.257 
E25 117.117 8.256 
D26 119.851 7.718 
Y27 120.900 7.850 
L28 117.581 7.591 
V29 120.900 7.850 
G31 105.098 7.733 
G32 108.402 7.720 
M33 119.121 8.414 
T34 109.407 6.534 
D35 121.077 8.472 
G36 112.782 9.542 
L37 128.183 8.036 
L39 114.124 9.026 
L40 120.657 9.204 
R41 121.894 9.638 
S43 119.573 7.812 
N45 123.307 7.404 
Y46 120.738 7.490 
G49 106.390 8.013 
F50 116.912 9.277 
A51 123.182 9.306 
L52 126.368 9.370 
S53 125.106 8.824 
V54 123.796 9.212 
A55 131.306 8.899 
H56 119.953 8.948 
N57 128.621 8.832 
R58 109.141 9.534 
A60 124.796 8.404 
H61 122.615 8.888 
H62 121.082 8.235 
Y63 121.890 9.616 
I65 129.302 9.260 
E66 127.510 8.411 
E68 129.721 8.792 
L69 123.002 8.691 
G71 107.838 8.123 
T72 109.092 6.853 
Y73 116.074 9.064 
A74 122.071 8.679 
I75 126.428 9.476 
G77 114.741 8.693 
G78 110.385 8.753 
E25 117.052 8.327 
D26 120.024 7.756 
Y27 121.040 7.855 
L28 117.541 7.569 
V29 120.862 7.818 
G31 105.061 7.720 
G32 108.412 7.719 
M33 119.232 8.414 
T34 109.401 6.537 
D35 121.071 8.487 
G36 112.760 9.531 
L37 128.222 8.032 
L39 114.111 9.052 
L40 120.548 9.206 
R41 121.824 9.622 
S43 119.552 7.812 
N45 123.312 7.414 
Y46 120.781 7.457 
G49 106.268 8.023 
F50 116.820 9.303 
A51 123.193 9.320 
L52 126.493 9.430 
S53 125.353 8.837 
V54 124.039 9.207 
A55 130.869 8.865 
H56 119.776 8.981 
N57 128.748 8.839 
R58 109.266 9.522 
A60 123.890 8.287 
H61 123.611 8.926 
H62 121.195 8.250 
Y63 122.300 9.670 
I65 129.524 9.327 
E66 127.363 8.388 
E68 129.836 8.798 
L69 123.015 8.704 
N70 114.138 7.832 
G71 107.826 8.119 
T72 109.027 6.843 
Y73 116.043 9.069 
A74 121.912 8.665 
I75 127.215 9.491 






G97 104.289 8.093 
I99 117.836 6.890 
L101 117.346 7.660 
L102 123.339 7.757 
K104 120.998 7.553 
F106 126.132 9.109 
N107 120.886 6.900 
R108 118.681 7.924 
V112 122.947 7.846 
Q113 127.848 8.496 
V131 121.793 8.024 
Q138 120.285 8.159 
A141 125.133 8.164 
Q144 120.195 8.108 
I147 124.651 7.907 
W167 107.151 5.867 
F168 124.059 7.620 
H169 127.680 8.755 
I172 117.135 7.033 
S173 119.452 8.998 
R174 123.604 9.193 
D175 120.320 8.651 
S177 119.036 8.840 
E178 123.339 7.697 
Q179 115.725 7.537 
L182 117.412 7.271 
I183 121.121 6.994 
G184 113.004 8.199 
T187 119.462 7.120 
G189 113.447 9.620 
K190 124.462 7.618 
L192 115.875 8.826 
R194 123.604 9.193 
A195 125.570 8.455 
A203 121.562 9.430 
L204 125.572 9.513 
C205 128.421 9.107 
L206 124.007 8.884 
L207 126.106 8.603 
H208 128.610 9.307 
G210 103.216 7.983 
L213 129.612 9.125 
H214 119.972 8.288 
A80 122.961 7.709 
A82 123.005 9.570 
S83 106.716 7.448 
A85 120.480 7.786 
D86 119.504 7.777 
L87 124.133 7.322 
C88 118.402 7.843 
H91 116.655 7.845 
S92 115.736 7.374 
D96 116.712 8.176 
G97 105.033 8.171 
L98 121.487 8.056 
I99 116.901 7.043 
C100 111.726 6.803 
L101 117.117 7.650 
L102 122.967 7.763 
K104 120.992 7.550 
F106 126.123 9.138 
N107 120.826 6.885 
R108 118.715 7.915 
V112 122.940 7.861 
Q113 127.824 8.490 
G117 111.782 8.186 
E124 121.082 8.235 
E129 122.749 8.286 
E130 122.681 8.389 
V131 122.081 8.014 
K132 125.408 8.129 
A141 124.956 8.183 
L142 121.720 7.896 
E143 121.567 8.321 
I146 119.948 7.899 
I147 124.327 7.962 
L153 123.657 8.109 
E154 121.186 8.139 
A158 127.235 8.134 
K164 116.786 7.518 
W167 107.388 5.701 
F168 123.955 7.642 
H169 127.681 8.750 
I172 116.935 7.017 
S173 119.487 8.996 
R174 123.670 9.194 
G78 111.109 8.835 
A80 122.646 7.688 
A82 123.081 9.589 
S83 106.743 7.449 
A85 120.596 7.778 
D86 119.522 7.787 
L87 124.185 7.310 
C88 118.465 7.827 
H91 116.698 7.842 
S92 115.646 7.362 
D96 117.179 8.255 
G97 104.185 8.091 
L98 122.726 8.024 
I99 117.837 6.892 
C100 111.729 6.725 
L101 117.340 7.671 
L102 123.340 7.773 
K104 120.922 7.543 
F106 126.027 9.128 
N107 120.842 6.896 
R108 118.759 7.917 
V112 122.931 7.861 
Q113 127.826 8.489 
G117 111.765 8.184 
E124 121.195 8.250 
E129 122.748 8.289 
E130 122.645 8.381 
V131 122.174 8.021 
K132 125.281 8.136 
A141 125.178 8.158 
L142 121.739 7.899 
I146 120.052 7.909 
L153 123.762 8.114 
E154 121.218 8.139 
L156 123.378 7.974 
A158 127.322 8.140 
K164 116.871 7.540 
W167 107.446 5.689 
F168 123.941 7.633 
H169 127.687 8.725 
I172 117.009 7.021 
S173 119.652 9.007 






D220 127.680 8.755 
T222 111.210 8.334 
G223 110.360 8.027 
K224 121.561 7.768 
S226 111.210 8.334 
I227 120.534 9.413 
G230 110.335 9.293 
K232 120.307 7.405 
L236 120.450 9.003 
W237 117.628 8.163 
H242 119.462 7.442 
Y243 115.640 7.483 
S244 112.502 7.099 
G249 104.289 8.093 
T255 112.217 8.413 
V256 121.894 8.096 
Q259 127.608 8.397 
K260 125.015 8.369 
I261 124.208 8.200 
G262 113.878 8.342 
D175 120.258 8.639 
S177 118.998 8.831 
E178 123.311 7.678 
Q179 115.683 7.524 
T180 114.758 7.891 
V181 121.336 7.884 
L182 117.461 7.252 
I183 121.102 6.977 
G184 113.242 8.217 
T187 119.356 7.115 
G189 113.441 9.606 
K190 124.456 7.605 
L192 115.728 8.806 
R194 123.670 9.194 
A195 125.486 8.449 
S201 112.775 7.520 
A203 121.563 9.417 
L204 125.624 9.537 
C205 128.457 9.112 
L206 124.317 8.891 
L207 126.437 8.658 
H208 128.595 9.295 
G210 103.255 8.001 
H214 119.982 8.286 
D218 125.837 8.553 
D220 127.702 8.782 
G223 110.416 8.034 
K224 121.387 7.767 
L225 122.665 9.177 
G230 110.721 9.266 
K232 119.952 7.471 
F233 119.221 9.111 
D234 119.591 8.788 
T235 105.270 7.247 
L236 121.083 9.001 
W237 117.695 8.160 
Q238 119.725 7.341 
L239 124.164 6.631 
H242 119.359 7.470 
Y243 115.819 7.442 
S244 113.121 7.118 
Y245 121.473 7.307 
G249 104.483 8.106 
D175 120.294 8.627 
S177 119.102 8.818 
E178 123.195 7.668 
Q179 115.653 7.507 
T180 114.822 7.899 
V181 121.127 7.886 
L182 117.655 7.220 
I183 121.153 6.976 
G184 113.215 8.223 
T187 119.261 7.119 
G189 113.615 9.575 
K190 124.456 7.599 
L192 115.683 8.819 
R194 123.634 9.213 
A195 125.436 8.440 
S201 113.009 7.515 
A203 121.610 9.406 
L204 125.379 9.536 
C205 128.412 9.104 
L206 124.436 8.916 
L207 126.051 8.622 
H208 128.146 9.275 
G210 103.224 8.053 
H214 119.671 8.244 
D218 125.769 8.533 
D220 127.679 8.775 
T222 111.119 8.332 
G223 110.398 8.034 
K224 121.395 7.772 
L225 122.679 9.208 
S226 111.119 8.332 
I227 120.732 9.455 
G230 111.367 9.227 
K232 120.076 7.473 
F233 119.174 9.093 
D234 119.738 8.786 
T235 105.318 7.251 
L236 121.135 9.017 
W237 117.786 8.186 
L239 124.228 6.639 
H242 119.434 7.440 
Y243 115.891 7.440 






T255 112.306 8.406 
V256 121.938 8.051 
Q259 127.487 8.459 
K260 125.045 8.335 
I261 124.532 8.223 
G262 113.961 8.344 
Y245 121.623 7.315 
D248 114.687 7.883 
G249 104.193 8.041 
T255 112.263 8.376 
V256 121.950 8.063 
Q259 127.623 8.468 
K260 125.011 8.335 
I261 124.413 8.222 
G262 113.937 8.349 
T263 114.138 7.832 
 
B.4 Amide Chemical Shifts of the Bound Syk tSH2FX with ITP or IHPs 
tSH2FX 
+ITP 
δ (ppm) tSH2FX 
+N-IHP 
δ (ppm) tSH2FX 
+C-IHP 
δ (ppm) 
15N 1H 15N 1H 15N 1H 
Y14 113.718 6.255 
F15 120.566 6.845 
F16 124.656 8.846 
N18 129.706 9.137 
E22 118.900 8.690 
E25 116.963 8.263 
L28 117.459 7.495 
V29 120.940 7.808 
Q30 125.165 8.170 
G31 105.052 7.692 
G32 108.429 7.705 
M33 119.280 8.391 
T34 109.345 6.522 
D35 121.039 8.475 
G36 112.767 9.514 
L37 128.249 8.036 
Y38 121.413 7.971 
L39 114.065 9.032 
L40 120.805 9.178 
R41 122.177 9.636 
N45 123.330 7.368 
G49 105.900 7.893 
F50 117.387 9.319 
A51 123.217 9.241 
L52 126.368 9.383 
S53 125.184 8.811 
V54 124.003 9.186 
Y14 113.741 6.256 
F15 120.598 6.853 
F16 124.719 8.857 
E22 118.826 8.624 
E25 116.986 8.215 
L28 117.478 7.496 
V29 120.991 7.824 
Q30 125.107 8.170 
G31 105.072 7.689 
G32 108.421 7.707 
M33 119.263 8.396 
T34 109.337 6.519 
D35 121.049 8.470 
G36 112.774 9.523 
L37 128.245 8.036 
Y38 121.466 7.990 
L40 120.862 9.186 
R41 121.997 9.637 
N45 123.338 7.372 
G49 106.193 7.942 
F50 117.342 9.287 
A51 123.231 9.212 
L52 126.290 9.352 
S53 125.068 8.821 
V54 123.854 9.203 
A55 131.307 8.882 
H56 119.981 8.929 
Y14 113.775 6.290 
F15 120.585 6.879 
F16 124.732 8.877 
E22 118.935 8.681 
E25 116.904 8.305 
L28 117.467 7.501 
V29 120.961 7.841 
Q30 125.194 8.209 
G31 105.062 7.710 
G32 108.459 7.742 
M33 119.394 8.429 
T34 109.421 6.559 
D35 121.119 8.498 
G36 112.770 9.541 
L37 128.273 8.066 
Y38 121.422 7.996 
L40 120.840 9.220 
R41 122.144 9.655 
S43 119.314 7.719 
N45 123.295 7.417 
G49 106.095 7.992 
F50 117.352 9.332 
A51 123.315 9.266 
L52 126.433 9.436 
S53 125.269 8.859 
V54 124.025 9.224 






A55 130.936 8.858 
H56 119.811 8.953 
N57 128.706 8.820 
R58 109.252 9.509 
K59 120.051 7.638 
A60 124.037 8.297 
H61 123.446 8.892 
Y63 122.177 9.636 
I65 129.507 9.253 
E68 129.833 8.782 
L69 122.981 8.678 
N70 114.148 7.830 
G71 107.836 8.111 
T72 109.062 6.831 
Y73 115.988 9.054 
A74 121.942 8.650 
I75 127.052 9.486 
G77 115.071 8.680 
G78 111.027 8.812 
A80 122.708 7.675 
H81 120.309 9.292 
A82 123.061 9.566 
S83 106.759 7.438 
A85 120.601 7.769 
D86 119.483 7.754 
L87 124.136 7.284 
C88 118.409 7.801 
Y90 123.934 8.500 
H91 116.652 7.826 
S92 115.627 7.348 
Q93 119.483 7.420 
D96 117.066 8.229 
G97 104.424 8.087 
I99 117.643 6.897 
C100 111.715 6.719 
L101 117.282 7.656 
L102 123.202 7.753 
K104 120.919 7.529 
F106 126.016 9.093 
N107 120.917 6.905 
R108 118.673 7.906 
V112 122.899 7.828 
Q113 127.751 8.487 
N57 128.598 8.814 
R58 109.099 9.519 
K59 120.317 7.686 
A60 124.835 8.395 
H61 122.582 8.859 
Y63 121.997 9.637 
E68 129.732 8.775 
L69 122.994 8.680 
G71 107.839 8.108 
T72 109.086 6.836 
Y73 116.059 9.054 
A74 122.071 8.659 
I75 126.490 9.475 
G77 114.850 8.679 
G78 110.438 8.764 
A80 122.885 7.700 
H81 120.155 9.280 
A82 122.998 9.564 
S83 106.729 7.433 
A85 120.531 7.786 
D86 119.497 7.763 
L87 124.147 7.305 
C88 118.390 7.818 
Y90 123.995 8.500 
H91 116.645 7.829 
S92 115.710 7.355 
Q93 119.417 7.393 
D96 116.668 8.163 
G97 104.930 8.158 
L98 121.434 8.048 
I99 116.908 7.034 
C100 111.682 6.782 
L101 117.129 7.644 
L102 122.995 7.758 
K104 120.943 7.525 
F106 126.022 9.095 
N107 120.910 6.908 
R108 118.695 7.906 
V112 122.880 7.828 
W167 108.303 5.522 
F168 123.894 7.604 
I172 116.908 7.034 
S173 119.568 8.994 
H56 119.808 8.996 
N57 128.800 8.866 
R58 109.294 9.533 
K59 119.993 7.667 
A60 123.882 8.295 
H61 123.578 8.922 
Y63 122.359 9.704 
E68 129.757 8.804 
L69 123.018 8.710 
N70 114.163 7.851 
G71 107.815 8.133 
T72 109.058 6.859 
Y73 116.103 9.083 
A74 121.999 8.679 
I75 127.185 9.512 
G77 115.059 8.697 
G78 111.124 8.855 
A80 122.674 7.696 
H81 120.348 9.327 
A82 123.121 9.597 
S83 106.757 7.468 
A85 120.607 7.788 
D86 119.516 7.793 
L87 124.166 7.322 
C88 118.481 7.829 
Y90 123.970 8.537 
H91 116.697 7.854 
S92 115.651 7.382 
Q93 119.510 7.460 
D96 117.192 8.268 
G97 104.198 8.102 
L98 122.757 8.049 
I99 117.860 6.894 
C100 111.746 6.744 
L101 117.358 7.678 
L102 123.284 7.787 
K104 120.868 7.553 
F106 125.960 9.115 
N107 120.948 6.937 
R108 118.772 7.940 
V112 122.888 7.855 
W167 108.322 5.566 






W167 108.214 5.536 
F168 123.919 7.611 
H169 127.678 8.767 
I172 117.166 7.025 
S173 119.562 8.995 
R174 123.556 9.170 
D175 120.335 8.641 
E176 120.903 7.972 
S177 118.951 8.831 
E178 123.236 7.636 
Q179 115.677 7.514 
T180 114.730 7.887 
L182 117.455 7.233 
I183 121.086 6.944 
G184 113.593 8.231 
T187 119.348 7.086 
G189 113.551 9.627 
K190 124.544 7.586 
L192 115.414 8.780 
I193 120.180 9.268 
A195 125.534 8.422 
R196 120.903 7.972 
G200 112.297 8.295 
A203 121.494 9.411 
L204 125.639 9.532 
C205 128.475 9.072 
L206 124.232 8.889 
L207 126.460 8.675 
H208 128.484 9.291 
G210 103.260 8.010 
L213 129.706 9.137 
H214 119.900 8.281 
I217 121.413 7.971 
D218 125.682 8.537 
R219 122.760 8.448 
D220 127.678 8.767 
T222 111.226 8.337 
G223 110.363 8.013 
K224 121.440 7.753 
L225 122.850 9.234 
S226 111.226 8.337 
I227 120.684 9.407 
G230 110.459 9.250 
R174 123.553 9.169 
D175 120.309 8.641 
E176 120.894 7.970 
S177 118.961 8.832 
E178 123.228 7.636 
Q179 115.676 7.513 
T180 114.741 7.889 
L182 117.448 7.231 
I183 121.081 6.942 
G184 113.606 8.232 
T187 119.327 7.090 
G189 113.551 9.620 
K190 124.521 7.585 
L192 115.407 8.774 
I193 120.155 9.280 
A195 125.538 8.426 
R196 120.894 7.970 
G200 112.263 8.291 
S201 112.852 7.514 
A203 121.500 9.410 
L204 125.670 9.545 
C205 128.490 9.083 
L206 124.341 8.892 
L207 126.601 8.697 
H208 128.537 9.290 
G210 103.269 8.009 
V212 122.883 8.454 
H214 119.937 8.290 
I217 121.466 7.990 
D218 125.711 8.558 
R219 122.883 8.454 
D220 127.685 8.775 
G223 110.395 8.013 
K224 121.420 7.753 
L225 122.661 9.191 
G230 110.726 9.244 
K232 119.871 7.438 
F233 119.171 9.091 
D234 119.549 8.725 
T235 105.317 7.215 
L239 124.393 6.587 
H242 119.422 7.475 
Y243 115.718 7.472 
I172 117.218 7.064 
S173 119.741 9.017 
R174 123.705 9.225 
D175 120.310 8.642 
E176 120.935 7.978 
S177 119.053 8.835 
E178 123.120 7.662 
Q179 115.694 7.531 
T180 114.744 7.930 
L182 117.690 7.235 
I183 121.112 6.983 
G184 113.583 8.255 
T187 119.232 7.119 
N188 126.018 8.773 
G189 113.686 9.623 
K190 124.541 7.614 
L192 115.441 8.818 
I193 120.220 9.300 
A195 125.541 8.454 
R196 120.935 7.978 
G200 112.430 8.366 
S201 113.131 7.543 
A203 121.606 9.438 
L204 125.484 9.573 
C205 128.438 9.107 
L206 124.476 8.945 
L207 126.244 8.685 
H208 128.141 9.300 
E209 126.018 8.773 
G210 103.285 8.085 
V212 122.136 8.418 
H214 119.689 8.267 
I217 121.422 7.996 
D218 125.734 8.574 
R219 122.774 8.486 
D220 127.691 8.795 
T222 111.092 8.328 
G223 110.405 8.049 
K224 121.459 7.782 
L225 122.662 9.241 
S226 111.169 8.356 
I227 120.893 9.488 






L239 124.381 6.550 
H242 119.466 7.508 
Y243 115.648 7.496 
S244 113.018 7.112 
G249 104.424 8.087 
T255 112.007 8.415 
C258 124.113 8.612 
K260 125.113 8.297 
I261 125.237 8.238 
G262 114.131 8.346 
T263 114.148 7.830 
S244 113.169 7.120 
Y245 121.568 7.299 
G249 104.468 8.098 
T255 112.106 8.416 
C258 124.133 8.612 
K260 125.086 8.291 
I261 125.250 8.239 
G262 114.133 8.345 
K232 119.971 7.460 
F233 119.144 9.103 
D234 119.703 8.746 
T235 105.336 7.243 
L239 124.409 6.621 
H242 119.446 7.478 
Y243 115.822 7.493 
S244 112.967 7.144 
Y245 121.702 7.343 
D248 114.676 7.906 
G249 104.188 8.054 
T255 112.115 8.413 
C258 124.159 8.635 
K260 124.996 8.315 
I261 125.007 8.243 
G262 114.051 8.362 








Appendix C 15N Relaxation Data for Individual Residues in Different Protein Constructs 
Details of the relaxation experiments and analyses are described in section 2.2.3. 
For the convenience of  correlation-time fittings using TENSOR 2.0 (44), the relaxation 
data are shown as R1, R2, and NOE values instead of T1, T2, and NOE values, where R1 
and R2 are simply the reciprocal of T1 and T2, respectively. Thus R2/R1 is the same as 
T1/T2. “X.SD” denotes the standard deviation for quantity X from multiple experiments. 
 
C.1 15N Relaxation Data for Individual Residues in Syk tSH2 
ResID R1 R1.SD R2 R2.SD NOE NOE.SD R2/R1 R2/R1.SD 
Y14 0.838 0.067 40.461 1.065 0.947 0.028 48.271 4.041 
F16 0.905 0.025 38.581 2.527 0.894 0.102 42.629 3.035 
A24 0.702 0.066 40.053 0.593 0.772 0.050 57.035 5.424 
L28 0.615 0.001 54.455 5.074 0.805 0.086 88.501 8.249 
Q30 0.570 0.034 51.361 1.587 0.952 0.045 90.076 6.041 
G31 0.630 0.024 30.403 1.351 0.878 0.080 48.285 2.833 
G32 0.511 0.027 38.970 1.230 0.846 0.028 76.292 4.717 
M33 0.745 0.011 42.171 3.504 0.768 0.074 56.640 4.778 
T34 0.773 0.007 40.037 0.827 0.831 0.017 51.797 1.176 
D35 0.693 0.032 33.992 0.051 0.840 0.013 49.076 2.261 
G36 0.654 0.035 34.423 3.477 0.825 0.030 52.598 6.001 
L37 0.739 0.002 44.430 0.959 0.899 0.007 60.085 1.307 
L39 0.686 0.027 34.564 1.586 0.852 0.044 50.374 3.043 
R41 0.809 0.150 40.281 3.378 0.852 0.207 49.773 10.128 
N45 0.878 0.044 52.851 24.482 0.688 0.003 60.167 28.032 
L52 0.748 0.092 36.165 2.347 0.910 0.097 48.374 6.734 
V54 0.637 0.013 35.845 2.185 0.917 0.060 56.232 3.609 
H56 0.651 0.068 38.345 1.553 0.789 0.034 58.947 6.598 
N57 0.841 0.031 39.870 2.832 0.876 0.002 47.420 3.794 
R58 0.680 0.025 35.248 0.354 0.850 0.013 51.828 1.977 
K59 0.661 0.008 42.184 1.887 0.795 0.043 63.848 2.964 
A60 0.627 0.064 36.881 2.118 0.787 0.010 58.817 6.853 
H61 0.621 0.008 34.281 4.122 0.848 0.015 55.234 6.676 
H62 0.689 0.082 33.728 2.376 0.843 0.149 48.977 6.791 
T64 0.788 0.056 31.764 1.192 0.815 0.042 40.323 3.225 
G71 0.885 0.022 37.897 0.523 0.758 0.016 42.802 1.201 
T72 0.773 0.136 35.705 6.372 0.815 0.020 46.213 11.569 






A74 0.753 0.024 36.349 2.060 0.835 0.050 48.301 3.126 
I75 0.729 0.016 41.131 3.404 0.910 0.250 56.436 4.827 
S76 0.839 0.106 29.899 0.002 0.819 0.112 35.634 4.508 
G77 1.731 0.145 17.743 1.561 0.698 0.061 10.251 1.246 
G78 1.200 0.094 30.221 0.501 0.726 0.024 25.178 2.011 
R79 0.815 0.046 33.268 0.119 0.740 0.022 40.830 2.294 
A82 0.724 0.074 37.137 1.262 0.837 0.042 51.302 5.496 
D86 0.675 0.025 39.240 2.047 0.788 0.010 58.115 3.699 
Y90 0.744 0.014 44.871 0.356 0.925 0.003 60.314 1.248 
S92 0.728 0.114 39.688 1.745 0.901 0.016 54.546 8.845 
Q93 0.653 0.021 37.796 3.343 0.848 0.019 57.850 5.431 
D96 0.849 0.002 38.154 1.018 0.637 0.014 44.956 1.204 
G97 0.916 0.028 34.151 1.606 0.751 0.039 37.273 2.095 
I99 0.706 0.004 39.005 2.019 0.887 0.004 55.244 2.874 
L101 0.639 0.052 42.408 2.215 0.762 0.014 66.330 6.409 
K104 0.699 0.005 30.618 2.733 0.669 0.021 43.793 3.924 
F106 0.625 0.132 38.694 3.556 0.897 0.108 61.866 14.217 
N107 0.626 0.061 38.113 3.608 0.837 0.047 60.859 8.239 
V112 0.634 0.009 42.121 18.277 0.846 0.037 66.443 28.845 
F168 0.752 0.056 48.502 1.527 0.862 0.004 64.464 5.199 
I172 0.636 0.026 30.683 1.612 0.645 0.057 48.217 3.214 
R174 1.330 0.105 38.370 0.889 0.974 0.325 28.849 2.379 
D175 1.024 0.080 35.988 2.065 0.876 0.058 35.155 3.414 
E178 0.684 0.014 40.517 3.189 0.845 0.033 59.235 4.821 
Q179 0.706 0.010 34.536 0.944 0.797 0.015 48.897 1.501 
L182 0.618 0.129 39.726 1.993 0.847 0.005 64.281 13.798 
I183 0.663 0.085 35.416 3.498 0.729 0.014 53.385 8.645 
G184 0.851 0.077 33.515 1.926 0.808 0.041 39.404 4.242 
T187 0.838 0.012 27.821 0.980 0.523 0.011 33.193 1.259 
G189 0.763 0.027 38.472 2.084 0.660 0.057 50.452 3.273 
K190 0.750 0.097 44.609 3.704 0.879 0.012 59.458 9.151 
L192 0.665 0.105 41.881 3.515 0.907 0.094 63.003 11.246 
A195 0.698 0.020 36.413 0.800 0.845 0.087 52.171 1.868 
S201 1.097 0.027 30.248 0.698 0.674 0.082 27.574 0.929 
Y202 0.719 0.030 36.051 6.965 0.830 0.041 50.158 9.919 
L204 0.616 0.001 35.013 3.706 0.882 0.097 56.867 6.019 
C205 0.694 0.062 37.867 5.575 0.979 0.069 54.533 9.387 
L207 0.593 0.098 44.322 0.845 0.978 0.085 74.805 12.491 
G210 0.708 0.004 30.238 6.447 0.791 0.000 42.722 9.112 
K211 0.730 0.009 37.683 0.958 0.812 0.013 51.652 1.459 
R216 0.714 0.028 32.323 1.788 0.784 0.066 45.267 3.082 






D220 0.767 0.027 35.197 3.074 0.779 0.014 45.901 4.326 
T222 0.869 0.057 33.082 0.103 0.737 0.018 38.058 2.489 
G223 0.842 0.021 41.414 1.964 0.755 0.061 49.185 2.630 
K224 0.820 0.007 36.509 5.097 0.655 0.063 44.518 6.226 
S226 0.642 0.017 40.751 2.207 0.791 0.037 63.451 3.808 
E229 0.824 0.072 36.813 1.527 0.707 0.049 44.687 4.316 
G230 0.747 0.018 38.209 2.031 0.777 0.055 51.147 2.982 
Y243 0.637 0.077 37.569 11.371 0.988 0.082 58.955 19.213 
S244 0.642 0.133 43.288 1.539 0.901 0.094 67.406 14.187 
D248 0.668 0.078 56.898 12.636 0.747 0.042 85.170 21.369 
L250 0.791 0.030 36.226 1.092 0.769 0.018 45.777 2.220 
T255 0.656 0.048 36.189 4.381 0.814 0.043 55.157 7.794 
V256 0.634 0.052 38.598 4.324 0.755 0.019 60.852 8.441 
K260 1.188 0.015 26.118 0.413 0.619 0.006 21.980 0.446 
I261 1.391 0.067 18.857 0.275 0.586 0.005 13.554 0.684 
G262 1.725 0.170 10.496 0.891 0.443 0.038 6.086 0.792 
 
C.2 15N Relaxation Data for Individual Residues in Syk tSH2PM 
ResID R1 R1.SD R2 R2.SD NOE NOE.SD R2/R1 R2/R1.SD 
Y14 1.248 0.049 23.120 0.974 0.887 0.111 18.527 1.069 
F16 1.081 0.007 23.144 2.566 0.847 0.106 21.408 2.378 
E22 1.115 0.125 24.337 0.076 0.879 0.018 21.831 2.456 
E25 0.961 0.058 23.656 0.754 0.880 0.009 24.604 1.680 
D26 1.117 0.092 25.400 2.577 0.848 0.050 22.743 2.977 
Y27 1.019 0.049 22.612 0.855 0.865 0.002 22.183 1.356 
L28 0.966 0.032 24.481 1.655 0.872 0.036 25.347 1.914 
G31 1.027 0.067 19.905 1.302 0.871 0.013 19.390 1.795 
G32 1.050 0.039 24.014 1.996 0.846 0.036 22.865 2.081 
M33 1.019 0.009 25.608 1.880 0.897 0.028 25.141 1.860 
T34 1.217 0.101 22.312 0.286 0.834 0.002 18.335 1.542 
D35 1.057 0.026 20.395 0.117 0.878 0.033 19.302 0.484 
G36 1.025 0.064 20.591 0.902 0.863 0.005 20.085 1.530 
L39 1.098 0.002 21.480 1.073 0.932 0.057 19.561 0.977 
L40 1.224 0.080 21.468 1.142 0.899 0.048 17.545 1.474 
R41 1.159 0.099 23.046 1.222 0.902 0.030 19.877 1.996 
G49 1.238 0.034 24.901 0.252 0.833 0.029 20.122 0.582 
A51 1.181 0.060 19.835 0.304 0.856 0.032 16.799 0.890 
L52 1.027 0.110 20.560 0.138 0.903 0.006 20.022 2.143 
S53 1.076 0.128 21.133 2.370 0.869 0.026 19.643 3.210 






A55 1.124 0.074 20.877 3.219 0.884 0.121 18.570 3.110 
H56 1.015 0.039 24.663 0.971 0.845 0.014 24.289 1.339 
N57 1.403 0.116 26.304 5.650 0.884 0.001 18.752 4.316 
R58 1.075 0.045 21.449 0.488 0.846 0.071 19.957 0.944 
A60 0.971 0.037 20.699 1.576 0.751 0.020 21.311 1.811 
H61 1.003 0.041 18.837 0.949 0.846 0.052 18.780 1.214 
H62 1.153 0.067 20.082 0.119 0.817 0.026 17.423 1.019 
Y63 1.074 0.022 20.302 0.825 0.874 0.026 18.910 0.864 
L69 1.288 0.084 18.614 0.110 0.776 0.018 14.450 0.951 
G71 1.302 0.071 23.055 2.967 0.813 0.025 17.706 2.474 
T72 1.229 0.100 19.874 4.291 0.828 0.000 16.169 3.732 
Y73 1.082 0.030 23.102 1.032 0.815 0.003 21.360 1.128 
A74 1.017 0.040 22.682 1.586 0.849 0.008 22.312 1.795 
G77 1.920 0.207 11.996 0.078 0.724 0.012 6.247 0.675 
G78 1.753 0.030 18.651 0.355 0.725 0.036 10.639 0.273 
A80 1.033 0.034 22.596 2.072 0.795 0.005 21.882 2.130 
A82 1.116 0.054 22.241 0.388 0.875 0.050 19.928 1.028 
S83 1.069 0.075 24.178 1.948 0.925 0.004 22.621 2.418 
D86 1.076 0.063 24.268 0.253 0.905 0.042 22.549 1.350 
C88 1.135 0.116 26.522 0.040 0.914 0.096 23.375 2.381 
H91 1.124 0.101 24.849 0.850 0.852 0.076 22.116 2.127 
G97 1.223 0.045 21.471 0.727 0.764 0.007 17.554 0.883 
I99 1.058 0.018 25.594 0.683 0.866 0.071 24.195 0.765 
C100 1.262 0.112 13.583 1.190 0.529 0.082 10.760 1.342 
L101 0.986 0.040 23.729 0.782 0.835 0.059 24.078 1.265 
K104 1.066 0.005 18.267 0.692 0.713 0.002 17.132 0.655 
V112 1.066 0.006 21.434 0.103 0.808 0.045 20.114 0.146 
G117 1.929 0.252 13.908 0.562 0.779 0.086 7.211 0.986 
E124 1.811 0.013 20.422 0.022 0.467 0.046 11.274 0.084 
E129 1.972 0.284 17.737 0.183 0.405 0.049 8.994 1.301 
E130 1.887 0.070 12.670 0.395 0.437 0.017 6.713 0.325 
V131 1.824 0.046 14.555 0.675 0.369 0.008 7.982 0.422 
K132 1.975 0.038 19.322 0.063 0.359 0.016 9.786 0.189 
Q138 2.014 0.072 17.282 0.382 0.408 0.043 8.579 0.361 
A141 2.164 0.107 15.790 0.394 0.403 0.062 7.298 0.405 
L142 1.651 0.309 10.535 0.001 0.255 0.079 6.380 1.192 
I146 1.731 0.084 14.910 0.170 0.375 0.012 8.613 0.429 
I147 1.881 0.056 16.000 1.553 0.292 0.003 8.508 0.864 
L153 1.816 0.050 13.397 0.690 0.396 0.002 7.376 0.430 
E154 1.906 0.035 13.104 0.034 0.378 0.048 6.876 0.129 
L156 1.740 0.004 16.209 0.431 0.404 0.050 9.314 0.249 






W167 1.004 0.050 25.967 0.976 0.814 0.019 25.873 1.609 
F168 1.248 0.068 27.220 5.392 0.852 0.039 21.817 4.480 
H169 1.137 0.019 23.828 0.395 0.862 0.047 20.953 0.489 
I172 1.034 0.098 18.500 0.686 0.680 0.064 17.900 1.822 
S173 1.049 0.074 26.097 1.574 0.837 0.057 24.887 2.309 
D175 1.369 0.156 24.368 0.839 0.916 0.038 17.803 2.117 
S177 1.113 0.148 24.800 1.211 0.843 0.017 22.275 3.160 
E178 1.104 0.090 24.256 1.072 0.842 0.005 21.979 2.035 
Q179 1.103 0.050 22.059 1.052 0.830 0.004 19.995 1.317 
T180 0.997 0.001 21.350 1.630 0.789 0.027 21.425 1.636 
V181 1.109 0.010 24.615 2.714 0.836 0.022 22.201 2.456 
L182 1.034 0.078 25.619 1.398 0.837 0.028 24.770 2.299 
G184 1.335 0.045 20.855 1.764 0.792 0.005 15.616 1.423 
T187 1.137 0.038 18.172 0.358 0.574 0.014 15.976 0.625 
K190 1.159 0.070 27.031 3.226 0.841 0.016 23.317 3.120 
L192 1.002 0.081 25.658 0.844 0.873 0.014 25.615 2.242 
A195 1.193 0.018 24.532 0.936 0.867 0.035 20.567 0.845 
D197 1.352 0.081 23.885 1.546 0.762 0.056 17.671 1.560 
S201 1.529 0.146 18.126 0.477 0.804 0.041 11.855 1.176 
A203 1.108 0.151 22.415 1.400 0.871 0.041 20.227 3.036 
L204 0.963 0.034 21.763 0.919 0.877 0.011 22.605 1.240 
C205 1.046 0.042 24.734 0.577 0.858 0.012 23.647 1.108 
L207 1.089 0.028 28.915 1.066 0.904 0.024 26.559 1.200 
H208 1.021 0.068 24.539 1.945 0.839 0.004 24.031 2.485 
G210 1.125 0.096 18.079 0.474 0.861 0.033 16.078 1.434 
R216 1.077 0.017 21.501 0.505 0.799 0.011 19.962 0.569 
D218 1.246 0.007 22.157 0.510 0.783 0.009 17.788 0.421 
T222 1.262 0.057 21.354 1.729 0.715 0.036 16.925 1.572 
G223 1.209 0.082 25.893 3.620 0.776 0.018 21.420 3.331 
K224 1.210 0.075 20.510 1.769 0.710 0.051 16.956 1.798 
S226 1.154 0.038 22.235 2.398 0.824 0.022 19.273 2.172 
E229 1.261 0.168 33.259 3.200 0.801 0.058 26.370 4.339 
G230 1.240 0.068 24.988 0.406 0.855 0.057 20.149 1.147 
K232 1.071 0.033 23.507 1.637 0.836 0.041 21.942 1.670 
F233 1.079 0.063 24.475 1.839 0.851 0.046 22.674 2.153 
L236 1.226 0.034 24.519 0.424 0.902 0.154 20.003 0.656 
H242 1.251 0.009 26.553 0.219 0.876 0.036 21.228 0.227 
Y243 1.034 0.154 25.706 1.001 0.957 0.102 24.863 3.828 
S244 1.163 0.010 24.234 0.291 0.865 0.002 20.844 0.308 
G249 1.291 0.217 41.017 8.079 0.849 0.022 31.770 8.231 
T255 1.035 0.077 23.059 1.100 0.843 0.005 22.290 1.964 






K260 1.498 0.054 15.708 0.821 0.648 0.009 10.486 0.664 
I261 1.621 0.036 12.783 1.539 0.613 0.021 7.886 0.966 
 
C.3 15N Relaxation Data for Individual Residues in Syk tSH2FX 
Y14 1.899 0.166 19.545 0.454 0.935 0.056 10.291 0.929 
F15 1.971 0.176 19.684 0.500 0.884 0.014 9.988 0.927 
F16 1.705 0.111 19.111 1.386 0.866 0.023 11.208 1.090 
E25 1.460 0.061 21.023 0.356 0.888 0.016 14.399 0.651 
L28 1.365 0.053 21.736 0.742 0.871 0.039 15.921 0.823 
V29 1.374 0.053 20.208 0.120 0.875 0.027 14.705 0.573 
Q30 1.370 0.134 20.454 0.853 0.856 0.016 14.932 1.589 
G31 1.389 0.157 17.572 0.318 0.868 0.020 12.647 1.450 
G32 1.355 0.114 20.621 0.459 0.866 0.008 15.221 1.325 
M33 1.454 0.034 22.197 0.474 0.868 0.020 15.267 0.483 
T34 1.468 0.011 19.338 0.535 0.842 0.021 13.176 0.378 
D35 1.426 0.035 17.541 0.446 0.851 0.016 12.304 0.433 
G36 1.589 0.050 16.962 0.181 0.835 0.033 10.676 0.355 
L37 1.745 0.154 23.003 1.444 0.910 0.001 13.183 1.430 
L40 1.760 0.157 19.831 1.235 0.968 0.049 11.264 1.225 
R41 1.806 0.090 20.237 0.813 0.835 0.002 11.203 0.715 
S43 2.265 0.137 20.512 1.462 0.827 0.042 9.056 0.848 
N45 1.924 0.223 16.670 0.745 0.870 0.069 8.665 1.077 
G49 2.069 0.200 18.806 0.733 0.834 0.017 9.090 0.948 
F50 1.787 0.068 19.717 0.622 0.859 0.051 11.034 0.545 
L52 1.535 0.158 18.519 0.310 0.838 0.031 12.067 1.260 
S53 1.569 0.153 18.592 0.129 0.889 0.011 11.850 1.161 
V54 1.721 0.137 19.717 0.429 0.849 0.043 11.457 0.943 
A55 1.571 0.117 17.731 0.525 0.819 0.088 11.284 0.903 
H56 1.435 0.066 19.480 0.229 0.830 0.011 13.574 0.645 
N57 1.958 0.200 20.390 1.281 0.853 0.001 10.414 1.251 
R58 1.577 0.100 17.762 0.132 0.807 0.020 11.262 0.722 
A60 1.266 0.078 17.616 1.678 0.775 0.027 13.912 1.578 
H61 1.427 0.010 16.297 1.003 0.885 0.007 11.423 0.708 
H62 1.484 0.119 16.866 0.154 0.847 0.050 11.367 0.916 
Y63 1.506 0.090 17.415 0.256 0.818 0.062 11.562 0.711 
E68 1.718 0.074 20.703 0.801 0.803 0.003 12.048 0.699 
L69 1.739 0.152 15.837 0.501 0.768 0.002 9.106 0.846 
G71 1.972 0.125 18.406 0.093 0.855 0.042 9.332 0.594 
T72 1.602 0.104 18.157 0.031 0.798 0.037 11.336 0.737 






A74 1.401 0.048 19.038 0.402 0.825 0.011 13.590 0.548 
I75 1.555 0.037 19.788 0.130 0.800 0.048 12.729 0.311 
G77 2.589 0.126 10.644 0.114 0.701 0.009 4.111 0.205 
G78 2.100 0.105 16.051 0.282 0.759 0.000 7.642 0.404 
R79 1.587 0.073 16.292 0.120 0.742 0.018 10.267 0.481 
A80 1.366 0.084 21.175 0.148 0.846 0.012 15.505 0.961 
H81 1.436 0.092 18.261 0.494 0.845 0.047 12.718 0.885 
A82 1.653 0.139 18.719 0.325 0.911 0.040 11.324 0.970 
S83 1.475 0.070 21.760 0.239 0.848 0.005 14.749 0.720 
L87 1.656 0.113 22.316 0.081 0.900 0.021 13.480 0.917 
C88 1.678 0.123 24.126 1.170 0.871 0.015 14.375 1.265 
Y90 1.701 0.097 24.018 1.038 0.844 0.037 14.123 1.013 
H91 1.606 0.123 24.079 0.743 0.856 0.030 14.991 1.234 
S92 1.632 0.089 21.217 0.538 0.845 0.021 12.997 0.782 
Q93 1.334 0.043 19.462 0.336 0.797 0.008 14.587 0.532 
G97 1.701 0.084 19.412 0.118 0.789 0.052 11.410 0.566 
L98 1.602 0.069 20.941 0.740 0.878 0.010 13.069 0.731 
I99 1.430 0.073 22.173 1.384 0.853 0.005 15.502 1.253 
C100 1.436 0.099 18.293 3.660 0.837 0.073 12.743 2.698 
L101 1.343 0.042 20.893 0.072 0.820 0.011 15.559 0.488 
L102 1.493 0.106 19.640 0.118 0.894 0.049 13.158 0.940 
K104 1.271 0.062 15.042 0.202 0.711 0.030 11.835 0.594 
F106 1.444 0.074 18.088 0.185 0.845 0.021 12.524 0.652 
N107 1.380 0.084 18.145 0.178 0.877 0.006 13.147 0.809 
R108 1.733 0.099 21.504 0.031 0.816 0.006 12.406 0.711 
V112 1.430 0.029 19.890 0.401 0.817 0.007 13.905 0.395 
F168 1.758 0.134 23.588 0.468 0.861 0.024 13.415 1.055 
S173 1.715 0.241 22.355 0.183 0.838 0.043 13.035 1.838 
R174 2.437 0.206 21.760 0.353 0.810 0.071 8.928 0.770 
D175 2.193 0.334 20.063 0.830 0.869 0.009 9.148 1.443 
E178 1.581 0.136 19.834 0.418 0.868 0.025 12.547 1.109 
Q179 1.353 0.007 19.361 0.401 0.815 0.049 14.306 0.306 
T180 1.480 0.093 18.921 0.438 0.847 0.015 12.786 0.854 
V181 1.430 0.120 19.548 0.025 0.852 0.038 13.672 1.150 
I183 1.203 0.115 18.640 0.066 0.790 0.004 15.489 1.476 
G184 1.785 0.103 17.416 0.268 0.778 0.044 9.759 0.585 
T187 1.377 0.049 15.079 0.157 0.615 0.015 10.953 0.408 
G189 1.582 0.054 19.248 0.524 0.834 0.063 12.165 0.534 
K190 1.653 0.050 23.226 0.014 0.846 0.047 14.054 0.429 
L192 1.551 0.126 22.311 0.104 0.877 0.015 14.388 1.175 
I193 1.582 0.038 20.205 0.479 0.849 0.007 12.775 0.431 






D197 1.770 0.188 21.435 0.485 0.836 0.028 12.112 1.318 
S201 1.845 0.032 16.249 0.469 0.765 0.020 8.808 0.297 
A203 1.578 0.090 19.036 0.190 0.877 0.033 12.062 0.700 
L204 1.486 0.056 18.258 0.339 0.847 0.003 12.291 0.519 
C205 1.421 0.057 21.010 0.538 0.869 0.049 14.783 0.705 
L206 1.477 0.142 21.763 0.102 0.876 0.007 14.739 1.416 
L207 1.453 0.142 24.413 1.079 0.777 0.090 16.800 1.799 
H208 1.463 0.132 21.175 0.155 0.813 0.021 14.472 1.312 
G210 1.482 0.168 15.862 0.066 0.842 0.016 10.702 1.216 
K211 1.368 0.037 18.747 0.105 0.820 0.005 13.704 0.378 
V212 1.124 0.039 17.211 0.082 0.785 0.020 15.316 0.535 
H214 1.258 0.005 19.627 0.252 0.818 0.029 15.603 0.211 
R216 1.510 0.076 18.061 0.185 0.844 0.006 11.964 0.614 
D218 1.441 0.141 18.504 0.041 0.804 0.089 12.841 1.254 
R219 1.426 0.062 16.415 0.087 0.752 0.041 11.515 0.506 
D220 1.576 0.108 18.961 0.023 0.818 0.019 12.030 0.824 
T222 1.688 0.121 18.701 0.127 0.727 0.021 11.080 0.799 
G223 1.581 0.028 23.172 1.239 0.787 0.005 14.660 0.824 
K224 1.462 0.085 19.996 1.239 0.780 0.020 13.677 1.161 
L225 1.516 0.035 18.634 0.146 0.828 0.019 12.290 0.302 
S226 1.490 0.009 19.771 0.074 0.853 0.025 13.272 0.097 
I227 1.914 0.211 22.669 1.464 0.826 0.036 11.841 1.514 
E229 1.603 0.167 22.081 0.360 0.806 0.024 13.779 1.454 
G230 1.622 0.050 19.217 0.281 0.843 0.019 11.849 0.403 
K231 1.600 0.072 20.366 0.755 0.836 0.027 12.731 0.740 
K232 1.371 0.073 18.838 0.018 0.820 0.014 13.742 0.735 
F233 1.464 0.093 18.374 0.420 0.815 0.021 12.551 0.851 
D234 1.636 0.104 18.307 0.012 0.795 0.022 11.188 0.708 
T235 1.509 0.017 16.985 0.001 0.842 0.006 11.253 0.125 
L239 1.578 0.177 22.586 0.259 0.870 0.032 14.312 1.618 
H242 1.444 0.041 20.840 0.087 0.817 0.010 14.436 0.414 
Y243 1.495 0.110 22.450 0.413 0.841 0.030 15.016 1.142 
S244 1.452 0.029 19.281 0.508 0.849 0.012 13.279 0.438 
Y245 1.487 0.056 22.223 0.052 0.818 0.027 14.948 0.568 
D248 1.622 0.076 27.890 1.245 0.710 0.085 17.199 1.115 
G249 2.056 0.022 19.579 0.771 0.786 0.018 9.521 0.389 
L250 1.696 0.081 18.441 0.117 0.823 0.004 10.871 0.526 
T255 1.408 0.087 17.771 0.109 0.834 0.029 12.623 0.787 
C258 1.601 0.106 25.440 0.233 0.877 0.004 15.886 1.066 
K260 2.043 0.144 13.459 0.161 0.658 0.016 6.587 0.470 
I261 2.098 0.139 10.589 0.007 0.607 0.015 5.047 0.334 







C.4 15N Relaxation Data for Individual Residues in N-SH2+IA 
Y14 1.438 0.216 15.712 0.185 0.935 0.056 10.929 1.647 
F16 1.146 0.131 14.596 0.852 0.866 0.023 12.731 1.630 
E25 1.128 0.148 15.532 0.355 0.888 0.016 13.774 1.838 
L28 1.057 0.043 17.245 0.006 0.871 0.039 16.319 0.661 
G31 0.979 0.057 13.713 0.196 0.868 0.020 14.006 0.839 
G32 1.058 0.098 16.666 0.333 0.866 0.008 15.747 1.493 
M33 1.173 0.111 16.846 0.541 0.868 0.020 14.364 1.435 
T34 1.134 0.093 14.228 0.066 0.842 0.021 12.546 1.035 
D35 1.117 0.156 14.474 0.292 0.851 0.016 12.959 1.826 
G36 1.151 0.067 13.320 0.243 0.835 0.033 11.574 0.704 
L37 1.389 0.246 18.108 1.159 0.910 0.001 13.034 2.457 
L40 1.286 0.060 14.311 0.072 0.968 0.049 11.129 0.526 
R41 1.306 0.044 15.221 0.577 0.835 0.002 11.652 0.589 
S43 1.324 0.022 16.406 0.243 0.827 0.042 12.392 0.279 
N45 1.571 0.295 13.537 0.100 0.870 0.069 8.619 1.619 
G49 1.317 0.005 15.461 0.258 0.834 0.017 11.739 0.201 
F50 1.163 0.025 15.490 0.014 0.859 0.051 13.321 0.287 
L52 1.067 0.086 13.786 0.760 0.838 0.031 12.919 1.265 
S53 1.116 0.008 14.794 0.209 0.889 0.011 13.251 0.212 
V54 1.126 0.144 15.385 0.216 0.849 0.043 13.661 1.762 
A55 1.141 0.031 13.886 0.631 0.819 0.088 12.175 0.643 
H56 1.105 0.158 14.866 0.248 0.830 0.011 13.456 1.938 
N57 1.739 0.224 17.875 0.236 0.853 0.001 10.279 1.332 
R58 1.066 0.036 13.775 0.532 0.807 0.020 12.919 0.662 
A60 1.002 0.004 15.275 0.028 0.775 0.027 15.249 0.067 
H61 1.189 0.206 12.258 0.315 0.885 0.007 10.313 1.806 
Y63 1.346 0.290 12.847 0.826 0.818 0.062 9.547 2.146 
E68 1.213 0.020 16.813 0.213 0.803 0.003 13.863 0.286 
L69 1.272 0.114 11.591 0.014 0.768 0.002 9.111 0.816 
G71 1.190 0.081 14.501 0.473 0.855 0.042 12.190 0.921 
T72 1.433 0.265 13.966 0.553 0.798 0.037 9.746 1.841 
Y73 1.170 0.148 15.292 0.574 0.861 0.030 13.069 1.730 
A74 1.071 0.266 14.540 0.322 0.825 0.011 13.580 3.387 
I75 1.039 0.075 16.321 0.024 0.800 0.048 15.708 1.129 
G77 1.787 0.027 8.468 0.209 0.701 0.009 4.739 0.137 
G78 1.523 0.278 12.502 0.004 0.759 0.000 8.207 1.499 
A80 1.055 0.021 17.547 0.691 0.846 0.012 16.637 0.736 






S83 1.231 0.064 16.524 0.299 0.848 0.005 13.422 0.740 
L87 1.276 0.114 16.860 0.053 0.900 0.021 13.212 1.186 
C88 1.352 0.148 16.947 0.073 0.871 0.015 12.536 1.375 
Y90 1.295 0.140 16.993 0.223 0.844 0.037 13.118 1.430 
H91 1.373 0.134 17.515 0.257 0.856 0.030 12.756 1.259 
S92 1.306 0.156 16.429 0.528 0.845 0.021 12.578 1.557 
Q93 1.201 0.229 14.601 0.141 0.797 0.008 12.159 2.324 
G97 1.164 0.071 14.792 0.258 0.789 0.052 12.712 0.809 
I99 1.175 0.107 15.203 0.522 0.853 0.005 12.937 1.260 
C100 1.375 0.369 14.866 0.035 0.837 0.073 10.814 2.904 
L101 1.034 0.072 15.747 0.163 0.820 0.011 15.231 1.079 
L102 1.160 0.037 14.951 0.035 0.894 0.049 12.890 0.412 
K104 1.117 0.063 11.617 0.141 0.711 0.030 10.404 0.601 
F106 1.098 0.084 14.076 0.377 0.845 0.021 12.818 1.043 
R108 1.378 0.112 16.789 0.506 0.816 0.006 12.180 1.056 
V112 1.244 0.073 11.595 0.213 0.817 0.007 9.318 0.573 
 
 
C.5 15N Relaxation Data for Individual Residues in N-SH2 
ResID R1 R1.SD R2 R2.SD NOE NOE.SD R2/R1 R2/R1.SD 
Y14 1.696 0.050 9.725 0.070 0.935 0.056 5.734 0.174 
F15 1.748 0.324 9.552 0.203 0.884 0.014 5.466 1.020 
F16 1.420 0.116 9.022 0.288 0.866 0.023 6.352 0.558 
E25 1.392 0.130 3.255 0.202 0.888 0.016 2.338 0.262 
V29 1.579 0.095 9.379 0.197 0.875 0.027 5.941 0.379 
Q30 1.458 0.195 9.473 0.188 0.856 0.016 6.497 0.880 
G31 1.575 0.238 8.650 0.281 0.868 0.020 5.492 0.848 
G32 1.399 0.109 9.652 0.278 0.866 0.008 6.901 0.572 
M33 1.670 0.257 10.380 0.314 0.868 0.020 6.217 0.976 
T34 1.546 0.083 8.946 0.248 0.842 0.021 5.786 0.348 
D35 1.367 0.092 9.106 0.105 0.851 0.016 6.660 0.453 
G36 1.441 0.081 8.226 0.126 0.835 0.033 5.707 0.331 
L37 1.671 0.234 11.710 0.990 0.910 0.001 7.009 1.148 
L40 1.483 0.171 9.561 0.058 0.968 0.049 6.448 0.744 
R41 1.639 0.193 9.360 0.125 0.835 0.002 5.710 0.676 
N45 1.953 0.236 8.345 0.144 0.870 0.069 4.274 0.522 
G49 1.736 0.194 9.665 0.497 0.834 0.017 5.569 0.687 
F50 1.421 0.092 10.182 0.094 0.859 0.051 7.164 0.467 
L52 1.415 0.152 9.079 0.196 0.838 0.031 6.414 0.700 






V54 1.546 0.073 10.760 0.047 0.849 0.043 6.962 0.332 
A55 1.473 0.239 9.510 0.267 0.819 0.088 6.456 1.061 
H56 1.536 0.189 9.153 0.012 0.830 0.011 5.957 0.734 
N57 2.021 0.334 11.519 0.234 0.853 0.001 5.698 0.950 
R58 1.490 0.162 8.530 0.163 0.807 0.020 5.724 0.632 
A60 1.271 0.016 10.198 0.010 0.775 0.027 8.022 0.099 
H61 1.529 0.108 7.727 0.193 0.885 0.007 5.054 0.377 
Y63 1.512 0.005 7.879 0.110 0.818 0.062 5.211 0.075 
E68 1.451 0.049 11.253 0.715 0.803 0.003 7.755 0.558 
L69 1.586 0.122 7.803 0.003 0.768 0.002 4.919 0.378 
G71 1.707 0.262 9.201 0.259 0.855 0.042 5.389 0.840 
T72 1.486 0.244 8.774 0.183 0.798 0.037 5.906 0.979 
Y73 1.446 0.150 9.279 0.023 0.861 0.030 6.416 0.664 
A74 1.389 0.014 8.694 0.003 0.825 0.011 6.260 0.064 
I75 1.426 0.087 10.623 0.335 0.800 0.048 7.449 0.511 
G77 1.885 0.151 5.668 0.021 0.701 0.009 3.007 0.241 
G78 1.730 0.024 7.631 0.183 0.759 0.000 4.412 0.122 
R79 1.461 0.087 8.316 0.016 0.742 0.018 5.693 0.339 
A80 1.340 0.023 11.564 0.159 0.846 0.012 8.630 0.191 
A82 1.656 0.147 8.422 0.027 0.911 0.040 5.085 0.453 
S83 1.497 0.083 10.889 0.707 0.848 0.005 7.276 0.621 
L87 1.657 0.049 11.036 0.015 0.900 0.021 6.660 0.195 
C88 1.597 0.097 10.776 0.135 0.871 0.015 6.747 0.418 
Y90 1.637 0.092 10.248 0.278 0.844 0.037 6.259 0.389 
H91 1.457 0.153 11.023 0.115 0.856 0.030 7.564 0.796 
S92 1.521 0.012 11.265 0.066 0.845 0.021 7.406 0.071 
Q93 1.475 0.020 8.893 0.058 0.797 0.008 6.031 0.090 
G97 1.410 0.013 9.623 0.381 0.789 0.052 6.826 0.278 
I99 1.531 0.158 9.545 0.021 0.853 0.005 6.235 0.645 
C100 1.684 0.008 11.309 0.299 0.837 0.073 6.713 0.180 
L101 1.329 0.101 10.227 0.075 0.820 0.011 7.695 0.587 
L102 1.461 0.114 10.002 0.001 0.894 0.049 6.844 0.532 
K104 1.351 0.133 7.674 0.341 0.711 0.030 5.681 0.613 
F106 1.369 0.093 8.955 0.052 0.845 0.021 6.543 0.447 
N107 1.327 0.119 8.898 0.076 0.877 0.006 6.706 0.603 
R108 1.518 0.305 10.086 0.089 0.816 0.006 6.646 1.336 
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